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PREFACE 


““T often say that when you can measure what you are 
speaking about and express it in numbers you know some- 
thing about it; but when you cannot express it in numbers, 
your knowledge is of meager and unsatisfactory kind: it may 
be the beginning of knowledge, but you have scarcely, in 
your thoughts, advanced to the stage of science.” 


LorpD KELVIN: Popular Lectures and Addresses. 1883. 


Consultation of recent histological and histochemical literature 
shows that the microscopical specimens are still mostly described 
in purely qualitative terms. This is undoubtedly due mainly to the 
descriptive nature of these branches of biology, and in many cases 
there is no necessity of using more objective and accurate terms. 
However, there are also many problems in histology and _ histo- 
chemistry which are difficult to study without a quantitative ap- 
proach. This is particularly true in experimental studies, where many 
minor changes may be overlooked in purely qualitative examina- 
tion or in which subjective bias may badly distort the results. 

At present, no systematic introduction to the quantitative meth- 
ods in histology and microscopic histochemistry is available, although 
much valuable information is scattered in recent literature. This 
little book is a humble effort to fill the need of such a guide. It is 
hoped that it will prove useful in the hands of histologists and 
histochemists who are not familiar with the possibilities for quan- 
titative work in their field and also to the students of various 
branches of experimental biology who would welcome the addition 
of quantitative microscopical methods to their armament. 

It must be made quite clear that only methods with which the 
writer has had at least some personal experience are discussed and 
that some important quantitative techniques are therefore excluded. 

_No priority is claimed over the methods presented, many of which 
have long been in use, if not in histology or histochemistry, perhaps 
in geography or chemistry. 

As basic knowledge of statistics is essential in all kinds of quan- 
titative work, I am very glad to have been able to persuade Mr. 
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Jaakko Kihlberg to collaborate in the writing of this volume. Heke Y 
fully responsible for chapters I and XI, and he has essentially con- : 
tributed to chapters VI and VII. It has been a pleasure to ware 
with him. ; i 
The idea of compiling this volume ripened in the course of Ate sa 
academic year I spent in the University of Edinburgh, and a con- 
siderable proportion of actual writing was done during that period. _ “ 
I am very grateful to Professor J. H.Gaddum for the time Thad 
the opportunity of spending in his department, and to Dr. M. Vogt. 
under whose guidance I had the pleasure of working. I also owe my 
best thanks to Dr. R. Barer, of the University of Oxford, who kindly a 
demonstrated his ingenious methods and equipment during my visit 
to Oxford. He has further given me valuable advice both orally aR 
and in numerous letters as well as helped in the construction of a 
photometer. I am much indebted to many other British colleagues, 
particularly to Dr. A.G.E. Pearse, of the Postgraduate — Med 
School of London University, as well as to Dr. K. W. Metcalf, of 4 
University of Bristol, and to Drs. F. Jacoby and B. F. Martin, of hi 
University of Cardiff, for stimulating discussions on histological anc 
histochemical problems related to the subject of this volume 
journey to Great Britain was made possible by a grant given b 
British Council, which is gratefully acknowledged. Dr.M.J.Karvon ry 
has given valuable suggestions and assisted in the proof-reading, fc 
which I am very grateful to him. Thanks are due to Dr. H.R. Mit 
for correcting the English and to Mrs. T. Rytila for typin 
ihe aA i , 
I should also like to thank Dr. R. C. Mellors and the Aue ci 
Association for the Advancement of Science for permission to 
produce Fig. 21, Messrs. Kodak Ltd., London, for Figs. 35 2 
and Messrs. Mullard Ltd., London, for Fig. 42. A number of 
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INTRODUCTION 


All histological and a great proportion of histochemical ob- 
servations are done by examining tissues under the microscope. 
To illustrate the great importance of subjective judgment in this 
respect, let us consider a blood smear under a high magnification. 
A haematologist might describe the view shortly as follows: «There 
are strongly coloured, large erythrocytes, some of which are oval. 
Probably pernicious anaemia.» 

Let us then show the same visual field to a layman, say to an 
artist, who can be expected to have experience in description of 
forms and colours. The artist might think that the corpuscles are 
pale, small rather than large, and remarkably circular, i.e. his 
opinion would be the exact opposite to that of the haematologist. 

Both opinions can be motivated. The haematologist has seen 
thousands of blood smears and the cells now concerned seem to him 
large, strongly coloured and aspherical in comparison to his idea of 
normal erythrocytes. The artist, on the other hand, compares the 
colour of the erythrocytes to the strong red hues used by expres- 
sionists, and the monotonous sphericity of these cells to the rich 
forms of non-figurative sculptures. That the cells are small is ob- 
vious to him because a microscope is necessary to make them visible. 

Although “large” to a haematologist is something else than 
“large” to an artist, his description may nevertheless convey the 
right meaning to another haematologist, whose subjective criteria 
are largely similar. However, even every haematologist is different 
from any other haematologist as is every histologist from any other 
histologist, and discrepancies may appear. These discrepancies can 
be eliminated by using objective instead of subjective criteria, i.e. 
by measuring instead of assessing. 

The use of quantitative instead of qualitative terms is always 
combined with extra trouble. If one wants to answer the question 
“how large?” instead of just saying “large”, measurements must be 
done. However, measuring every erythrocyte in the blood of a man 
would keep the whole population of London busy 8 hours a day for 
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six months, supposing that 1 second is given for measuring each 
cell. This creates a new question “how many cells are to be 
measured?” Suppose that this problem is solved and the measure- 
ments are carried out. A number of figures is obtained and with 
them new questions: “what to do with these figures?”, “how to com- 
pare this data with that obtained from another person?”, etc. 

To solve these questions, the investigator must be familiar with 
statistical principles. Though there still are scientists who think that 
statistics is a kind of scientific snobbery by which right things are 
proved wrong and vice versa, an effort to understand the statistical 
method will prove to anybody the value and necessity of statistical 
considerations in design of experiments and in interpretation of 
quantitative data. 

In many biological papers either inaccuracy of the method or 
the limited number of observations has been said to prevent the 


use of statistical methods. However, the main basis of statistics is — 


the necessity of using quantitative methods which are not faultless, 
and of limiting the number of observations. Results obtained with a 
small material particularly need statistical analysis and may then 
be found sufficiently reliable. Creation of pertinent testing methods 
for small samples is indeed one of the most important achieve- 
ments of modern statistics. 

It has frequently been claimed that, e.g., absorption measure- 
ments on stained tissue sections are useless unless it can be shown 
that reliable information is thus obtained regarding absolute amounts 
of some specific substances in the tissue. This is equivalent to throw- 
ing the child away with the washing. A change in the absorption 
properties of a stained tissue may, it is true, be due to increase, 


decrease, or redistribution of stainable materials, to loss or gain in © 
the stainability of these materials, to appearance of new materials 


reacting with the dye, to an altered physical state or indeed nearly 


anything else. Still, if the change in the absorption has been proved — 
to depend on some experimental procedure it is completely justi- 
fiable to use absorption measurements as an empirical means of ob- he 
taining information of the state of the tissue. Generally, any quan- 


titative method can be used, although many variables would simul- 
taneously influence the property to be measured. 
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This volume describes means by which figures can be extracted 
from tissue sections and tries to show the critical ways of handling 
the figures thus obtained. No effort has been made to include all 
quantitative methods hitherto published. Many valuable techniques, 
e.g. polarization microscopy, have not been discussed at all. The 
two aspects mainly concerned are the quantitative topography of 
and light absorption measurements in tissue sections. Even these 
subjects are broadly outlined and the emphasis has rather been on 
the presentation of basic facts in an understandable way than in 
thorough review of the knowledge accumulated. The result is a 
mixture of histology, physics, chemistry, and statistics. It has been 
tried to make the mixture palatable, by using simple words and no 
mathematics above the high-school level; and nourishing, by com- 
bining materials which complete each other’s value. Key references 
are given to modern literature, frequently without regard to histor- 
ical or priority aspects. 

Many methods of quantitative histology and histochemistry re- 
quire complicated equipment both expensive and difficult to use. 
As such apparatus can anyway be reached by a few laboratories 
only, and as the writer’s experience with them is negligible or zero, 
they are not dealt with in detail. Practically all methods to be present- 
ed are possible with equipment either already available in most histo- 
logical laboratories or easy to construct without excessive funds or 
technical facilities. It is felt that there is an unnecessarily big gap 
between highly specialized quantitative studies done with compli- 
cated and ingenious devices and studies in which no attempt has 
been done to quantitate the data. Obviously, as has frequently been 
pointed out by masters of the advanced methods of quantitative 
histochemistry, there are many sources of error in the quantitative 
methods. This fact does nevertheless not eliminate the use of simple 
techniques as long as their limitations are kept inmind andthe results 
obtained with them are correctly interpreted. This volume tries to 
point out the numerous sources of error and give hints to their 
control. Basic knowledge of the various aspects of quantitative meth- 
ods is believed to be useful not only to the histologist doing quanti- 
tative work in practice but also to his colleague who does not like bias 
although he prefers to express his observations in qualitative terms. 
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CHAPTER I 


Variability and its Measures 


Distributions. 


Let us first return to the example of red blood cells mentioned 
in the introduction. Suppose that the size of the erythrocytes is 
under investigation. The investigator may have measured diameters 
of 423 erythrocytes. This series of numbers may be further studied 
in different ways. One way, which has proved to be of great value, 
is to put the figures into the order of magnitude. The number of 
erythrocytes of each size is then counted (this were naturally im- 
possible, if the diameters had been measured so precisely that all 


150 


50 


"5506.00 | 650 700° p 


Fig. 1. Diameter-frequency distribution curve of red blood cells. 


cells had different diameters; here we suppose that the diameters 
have been measured to the nearest half of a ~). The number of cells 
of some size x is then the frequency n, of this size. By putting the 
diameters on the abscissa and the corresponding frequencies on the 
ordinate a frequency distribution curve is obtained. The frequency 
can as well be expressed as per cent of the total number of ob- 
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servations (relative frequency {,) which in the present example is 
simply done by dividing the absolute frequency by 4.23. A curve like 
this is well known amongst clinicians as a Price-Jones curve. An 
actual curve is illustrated in Fig. 1. 

The distribution of some other property of the erythrocyte, such 
as the haemoglobin content, can be examined in the same way. In 
general, the empirical distribution of any observed variable is simi- 
larly obtained. 

In many applications it is useful to form a series of cumulative 
frequencies by adding step by step the frequencies upwards from 
down (i.e. from the smallest size-class) (Fig. 2). As the frequency f, 
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Fig. 2. Cumulative distribution curve prepared from the same data as Fig. 1. 


tells how great a proportion of the observations belong to a given 
size-class, the cumulative frequency F, tells how great a proportion 
belongs to this class or to classes of smaller size. 

In grouping observations the number of classes should not be 
made unduly large. A practical rule is that the number of classes 
should be approximately equal to the cube root of the number of 
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observations. For example, some 30 observations should be grouped 
in 3 or 4 classes, some 100 observations in 4 or 5 classes, 1000 ob- 
servations in about 10 classes and so on. Generally, the number of ob- 
servations in a single class should not remain smaller than 5. 

If the distribution is skew, i.e. if the frequency curve shows a 
“tail” in one or another direction, it may be useful to apply unequal 
class intervals, whereas the intervals should be kept constant in all 
ordinary classes. In particular, if the logarithms of the observed 
values are of interest (see page 15), the class boundaries can be chosen 
in geometric progression, for example forming the classes (in arbi- 
trary units) 1,2...3, 4...7,;8...15, 16...31, etc., in this case 
the lower boundary of the class rising in geometric progression. 
Note well that a) the cumulative frequency curve is unaffected by 
the grouping, but b) the frequency curve must be adjusted for un- 
equal class intervals. For example, if the per cent frequencies are 


25 % in size class 2... 3 
15 % in size class 4... 7, 


the interval is two units in the first class, the frequency being thus 
25 = 12.5% per unit, whereas the interval in the second class is 
4 units, the frequency per unit being = 3.75%. The frequency 


curves should always be drawn adjusted as described here. 

Two main types of distributions can be distinguished on the 
basis of the nature of the variable in question, viz. a) continuous and 
b) discrete distributions. All size distributions, for example, are con- 
tinuous, as the variable (the size) can obtain any value on the con- 
tinuous size axis. All distributions based on counting, on the other 
hand, are discrete, as the result of counting can obtain integral 
values only. 


Special Distributions. 


In building mathematical models so as to aid the treatment of 
statistical data, the distribution functions play an important role. A 
distribution is said to be completely known if there is a mathematical a 
equation with one or more parameters by which one can calculate ie 
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the frequencies. A great number of such distribution functions are 
known, and some of them will be presented here. 

Certainly the most important distribution is the Gaussian or the 
normal distribution. The shape of the normal frequency curve is 
shown in Fig. 3. The curve is symmetrical around its mean and de- 
creases rather rapidly towards both tails. Besides the mean the 
distribution function has another parameter, viz. the standard devia- 
tion o, estimated by s, the square root of the variance estimate s” 
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Fig. 3. Normal distribution. 


based on the material (see page 20). The standard deviation measures 
the dispersion of the distribution in such a manner that approximately 

a) 68 per cent of the normal observations will lie-within a region 
mean + standard deviation, 

b) 95.5 per cent of observations will lie within mean + twice 
the standard deviation, 

c) 99.7 per cent will lie within mean + three times the standard 
deviation. - 

The practical importance of the normal distribution is in that 

a) many actual observations tend to be distributed closely ac- 
cording to the normal law, 

b) certain statistical characteristics, notably the mean, tend to 
be normally distributed even if calculated from a non-normal ma- 
terial. 

Often not the observed variable itself but rather some transfor- 
mation of it is normally distributed. In many biological applications, 
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the logarithm of the variable is distributed closely to the normal 
law. If so, the distribution is called logarithmico-normal, or briefly 
log-normal. The usefulness of logarithmic transformation is illus- 
trated by the fact that when any variable is log-normally distributed 
the squares and cubes of this variable also show a log-normal dis- 
tribution. For instance, when nuclear diameters are log-normally 
distributed the volumes are also so. 

When the distribution of the mean is concerned, it is customary 
to change the term standard deviation into standard error, so that 
standard deviation is a measure of dispersion of the observations, 
standard error being a measure of dispersion of statistical charac- 
teristics such as the mean, the correlation coefficient, etc. It should 
be noted that this distinction is a matter of language only, for theo- 
retically the two terms are identical. 

Another important distribution is the binomial distribution. If 
n points are thrown on a section where the proportion of some spe- 
cific surface is P, the number m of hits on the specific surface is a 
binomial variable with parameter P (this distribution has only one 
parameter). The expected value or mean of m is Pn, and its standard 


deviation is the square root of P(1 — P)n. If P is not nearly and if 
n is small, the binomial frequency curve is skew, but P being near 
by ; and n growing large, the curve becomes symmetrical and re- 


sembles the normal curve. Note, however, that the binomial variate 
is discrete, as m cannot obtain other than integral values. 

Related to binomial is the Poisson distribution, which sometimes 
is called the law of small numbers. If particles on a tissue section 
are distributed with uniform probability over the area, and if small 
squares or circles are taken and the number x of particles in each 
square or circle counted, the variable x will have the Poisson dis- 
tribution. The mean or expected value of x is m, the parameter of 

the distribution, and the standard deviation of x is the square root 
of m. If m is small (m being the average number of particles per 
square or circle), the frequency curve is skewed, but becomes sym- 
metrical and resembling the normal curve if m is increased. Like the 
binomial this distribution is discontinuous. 
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It should be noted that the presumption on the pattern of par- 
ticles on the tissue given above does not hold universally. On the 
contrary, often there are apparent reasons to expect non-Poisson 
distribution because the particles appear in clusters. Therefore, it is 
advisable to test whether the Poisson assumption actually holds. 


~ Sampling Variability. : 

Above it was stated that the distributions of certain statistical 
characteristics tend to the normal distribution. This involves the 
general feature that any statistical characteristics, say the mean, if 
calculated from a limited material, a sample, will show some varia- 
bility from one sample to another. Often the other samples are 
hypothetical (say from the ideal population of all possible experi- 
ments), but the sampling variability yet must be taken into account. 
But this variability follows certain mathematical laws which could 


be empirically verified if new samples were repeatedly taken. The 


characteristics calculated from a sample have thus their sampling 
distribution: for example the sample mean will fluctuate around the 
true mean with approximately normal distribution. Many more dis- 
tributions of sample characteristics tend to the normal. | 
Therefore, there is certain distinction between the distribution 
of the observations themselves and the sampling distributions of 
characteristics based on samples. The same mathematical formulas 
may be applicable i in both cases, but in most practical situations the 
number of observations in the sample enters the mathematical for- 
mulation of sampling distributions. For example, if in the normal dis- 
tribution the true mean is * and the true standard deviation s’, then 
the sample mean x from a sample of n observations will vary around 


" t 
the true mean, again with a normal distribution with mean * % but 


with standard deviation wes , which quantity now is dalled the 
mn fil 


with other characteristics ae e.g. per cent of hits, oversee 
etc. Note especially that the sampling distribution is change 
number of observations changes. In particular, the precision | 
characteristics increases if the number of observations in 
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(being a measure of the precision) is inversely proportional to the 
square root of the number of observations. 


Randomization and Sampling. 


As all natural phenomena are subject to variation, the interpre- 
tation of quantitative data is always somewhat uncertain. In design- 
ing experiments, one tries to keep under control or constant as many 
factors as possible, so as to ensure some safety in the conclusions. 
However, it is not always known in advance which really are the 
relevant factors. Therefore the risk is involved in any design that 
some important factor has been overlooked. To reduce the effect of 
this risk, randomization of the experimental conditions is the best 
device known so far. Suitably chosen selection methods should al- 
ways be applied both in the general set-up of the experiment and in 
sampling. 

Generally, pure randomization simply means a lottery-gamble be- 
tween the individuals in the population to be studied, so arranged 
that every individual in the population has an equal chance to 
“win”, i.e. to be selected in the sample. For example, if ten animals 
are to be selected from a group of 100, every animal must have one 
chance in ten to be selected. Or, if a square or a circle is to be chosen 
under the microscope to represent all the vision field, every location 
of this square or circle within the vision field must be equally prob- 
able (note that in this latter case the “population” to be sampled, 
the vision field, is no more composed of a number of separable “in- 
dividuals” but is a continuous area). The best method to perform 
the lottery-gamble is to use random numbers which have been 
published in several collections of statistical tables (e.g. Hald, 1952; 
Fisher and Yates, 1953). These numbers have been especially pro- 
duced in order to guarantee a perfect random order, and their 
mathematical nature in this sense has been carefully tested. The use 
of these tables is better than to use gambling with dice, cards or 
coins, because these may produce biased results although the in-| 
vestigator may not be aware of it. 

Instead of pure randomization, systematic selection is often ap- 
plied. This means that the individuals are chosen with fixed inter- 


‘vals, e.g. taking every other or every tenth animal out of one hun- 
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dred. Similarly, a systematic sample from an area will be composed 
of equally-spaced points, lines or squares, etc. In microscopic work, 
the systematic sample generally is more practical than purely 
random one, wherefore further sampling questions in the subsequent 
sections will be treated also in view of systematic sampling. The 
random element in systematic sampling is introduced by “random 
start”: if ten animals are systematically selected from one hundred, 
every tenth is taken, but the first animal must be determined at 
random, i.e. by gambling between the first ten animals. 


Measures of Central Tendency. 


In expressing the average observation, the arithmetic mean 


(1) fees Le 
n 
is commonly used, where )'x is the sum of all observations, the : | 
: number of the latter being n. It should be noted, however, that in : 
skew distributions this mean is not always preferable because it is — 
sensitive to great deviations from the center. In fact, in very skew 
cases, this mean may be quite far away from the “typical” or most __ 
common values of the variable. Consequently, in each cases other 
measures of central tendency should be used. ae ; ee 
In certain calculations weighted means are needed. For oes 
if proportional area measurements p; have been obtained for sec- 
tions of different sizes a;, a plausible over-all average proportio nal 5 
area is to be calculated as 
ee 2, ay PWad 0 
(2) : p= Piggh 


bere. areas), then summed, and this sum is to be divided ] by the 
sum of the weights. waa 
Formula (2) is general in the sense that no presumpti 
volved with regard to the weights a;, i.e. they can be chosen 
The usefulness of the arithmetic mean is, besides 
Sh ph the see in certain math amnptios) pre 
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istic may be very misleading in skew distributions. Therefore, other 
measures are needed. One in common use is the median, viz. the 
value of the variable which divides the material in two: one half 
being at most of the size of the median, the other half being larger 
(e.g. LD 50 as used in bioassays). Numerical estimate for the median 
can be quickly obtained from a cumulative distribution curve. 
Median is not sensitive to extreme deviations like the arithmetic 
mean. 

In some applications the variate values are replaced by some 
transformations, e.g. logarithms. Then, the average transformed 
value can be obtained. Now it should be noted that for example the 
antilogarithm of the mean of the logarithms is not equal to the arith- 
metic mean (but is the geometric mean), and similarly for any trans- 
formations. 


Measures of Variability. 


Above the standard deviation was introduced and it was shown 
how this quantity measures the variability of the material. The 
square of the standard deviation is known as the variance, and as 
variance rather than standard deviation is simpler to use in certain 
calculations, the variance will subsequently be used. Its relation to 
the variability of the material can be derived by the following con- 
siderations. All the variability of the material can be expressed in 
terms of deviations from the mean, x — x, or rather (by certain anal- 
ogies in Newton mechanics) in terms of the squares of these devia- 
tions, (x — x)’. A general definition of the variance is, then: 


Variance = Expected (or average) value of (x — x)’. 


In dealing with n observations x, the first step is to calculate the 
sum of squares 


(3) Qs = i (x — x)? 
~ya— Gal 


the latter form being suitable for practical computations. The term 


(>) x)? 
AT 


is known as the subtraction term. 
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Then, the variance of x is estimated by P. 


(4) s(x) = 


ne ’ ae 

f : 
Here, n — 1 is the number of degrees of freedom. Generally, any sum 
of squares divided by the number of degrees of freedom correspond- 

ing to it gives a variance estimate. ih 
Some formulas will be useful in the subsequent. First of all the 


variance of the mean of n observations is estimated by 


5) (7) = 22), 
In binomial case, the estimation formula for the variance of the 
number of hits, m, is 3 ety’. \ 
2, h 
(6) *(m) = 2 POP) | | m Nye 
(oth ae 
f 
responding formula for the variance of p is ee 
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2 may 20! =P) 7 
(7) _ s*(p) Soh Ta — 2 


However, that procedure is biased if p in the formula is not t 
value P. In practice, it usually is the actually observed prop 
the sample, i.e. an estimate of the true value, which leads to 
clusion that the number of degrees of freedom n — 1 must 
instead of n. 

In Poisson case, the variance estimate equals to the me. 
per counting area. If the individual counts are denoted by . 
there are n of them, we have 


; (8) 


s(4) = k= 7° 
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Two general variance formulas should be noted as they will be 
useful in subsequent applications. First, if the statistical variable is 
multiplied by a constant, then the variance will be multiplied by the 
square of the constant, thus: 


(10) s*(cx) = c?s*(x). 


Note that the formula involves also the case that x is divided by a 
constant. 

Secondly, the variances of independent variables are additive so 
that the variance of the sum of two independent variables x and y is 
the sum of their variances: 


(11) s(x + y) = s*(x) + s*(y). 


Formula (11) also gives the variance of the difference x — y. To 
be accurate, a necessary and sufficient condition for (11) is that x and 
y have a correlation of zero (see page 25). If the correlation coef- 
ficient r,, is not equal to zero, an additional term 2r,,s(x)s(y) is 
introduced. 

Sometimes we are interested in the relative variability of the 
observations rather than in the absolute values. If so, it is custom- 
ary to calculate the coefficient of variation, which is defined as the 
standard deviation (error) divided by the mean, thus: 


(12) V(x) = ua 
x 


This quantity is often expressed in percentage, thus giving a 
quick idea of the relative importance of the variability in the 
material. 


Use of Standard Deviation and Standard Error. 


In practice the standard deviation and standard error are used 
as indicators of the variability of the material or the precision of the 
sample estimates (characteristics). The variance was defined with no 
respect to the form of the distribution so that the use of the standard 
deviation or error does not involve any assumptions concerning the 

_. distribution. However, in most practical situations and frequently 


—— 


22 Variability and its Measures 


in the literature the normal distribution is held in mind when pre- 
senting standard deviations or errors. 

For example, the sample mean < is an estimate of the true mean 
(which is unknown), and it may or may not equal that. Now the 
standard error s(x) estimates the variability of the sample mean 
around the true mean in such a way that approximately the rules 
on page 14 hold, giving thus an idea of variability of the sample 
mean. Deviations larger than twice the standard error from the true 
mean are likely to occur 4-5 times in 100. From this it is concluded 
that the sample mean is not likely to be more far away from the 
true mean than twice s(x), or, for example, practically certainly 
not more far away than three times s(x). Therefore, the standard 
error can be used in constructing what are known as confidence 
belts. As the true mean is unknown, the observed sample mean must 
be replaced for it, so that for example the belt x + 2s(x) is to be 
interpreted as follows: in approximately 4-5 cases out of 100 this — 
interval does not include the true mean, i.e. there is about 95.5% 
confidence in that this interval includes the true mean. 

The principle “twice the standard error” is an old practice and 
we have used it for illustration only. There is a bias involved in that 
the true standard error is unknown and replaced by the estimate 
s(Z). This bias is corrected by the use of the t-distribution (see 
page 135) instead of normal. From the t-distribution (tabulated in 
several collections of statistical tables) the coefficients to be re- 
placed for 2 (or 3) above can be found for any number of observa- 
tions and for any desired confidence level. The confidence level, 
95.5% in the example above, can thus be chosen at will. Usually 
conventional levels like 95 or 99 or 99.9 per cent are used. 

Now this procedure is approximately correct only if the sampling 
distribution of the mean is normal. In most practical cases it is ap- 
proximately so if the sample is large enough, independent of the 
form of the distribution of observations themselves, but always 
caution is needed. In particular, if the distribution in question is 
skew instead of normal and symmetrical, the procedure above may 
lead to dangerously misleading results. For example, the sampling 
distribution of the correlation coefficient r is far from normal if the 
true correlation deviates from zero. Hence, it is not advisable and 
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generally not correct to use standard error in connection with cor- 
relation coefficient if the true coefficient cannot be taken equal to 
zero (see page 137). 


Determination of the Error of Method. 


The term error of method refers to sources of error other than 
sampling, e.g. to inaccuracies in the drawing or measurement of par- 
ticles or cells. 

Sometimes, especially in extensive studies, it is necessary to 
estimate the magnitude of the effect of this source of error. Com- 
monly, duplicate measurements are made in this purpose, the de- 
termination of the method error then being based on comparisons 
between the duplicates: 


x,  %X_ Ist measurement duplicated 
x; XX, 2nd measurement duplicated 


eee eee eee 


x;  %X , nth measurement duplicated 


There are n pairs of measurements. Denote d for x, — x,, the dif- 
ference between the duplicates in each case, so that n figures d are 


to be calculated. Then 
La 


ete 
(13) Soe on 


is a simple and quickly calculated formula for the error variance, 
the square root of which is the standard deviation of a single meas- 
urement. This quantity is usually given as the method error. 
Earlier (see page 20) it was stated that any sum of squares di- 
vided by the number of degrees of freedom gives a variance. It 
should be therefore noted that the number of degrees of freedom 
in the formula is not 2n (neither n — 1) but n, the sum of squares 


2 
actually in question being i This can be verified if the pro- 
cedure is looked from the angle of view of the analysis of variance 
(see page 138). What has been made is that each pair is considered as 
a “group”, whereafter the between groups variation has been elimi- 


yd 


-. nated. The sum of squares ae represents the variation within 
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groups, being thus purified from the effect that the n measurements 
may be unequal (e.g. sections of different size). 

When n is large, an accurate estimate of the method error can 
generally be obtained. However, if n is small or if great accuracy is 
required but it is not possible to increase n, then triplicates, quad- 
ruplicates, etc. can be recorded. As Fisher (1950) points out, this 
procedure may even be essentially more effective than to increase 
n. In case of triplicates, the series has the form 


xX,  %X, - x, Ist measurement triplicated 
xX,  %X, <x, 2nd measurement triplicated 


X%,  %X,  <X, mth measurement triplicated 


In order to obtain the method error, consider the n measure- 
ments as n “groups”, and proceed then exactly in line with com- 
mon analysis of variance (see page 138). Calculate the total sum of 
squares, reduce from it the sum of squares between groups, and 
what remains is the sum of squares within groups, Q,. This divided 
by 2n gives the error variance. 

Similarly, if each measurement is reduplicated four times, the 
procedure is as above. Now the sum of squares within groups is to 


be divided by 3n. 


Interrelations Between Two Variables. 


Numerical dependence exists between two variables x and y if 
any change in x corresponds to a change in y, either so that in- 
creasing x means increasing y or on the contrary. This dependence 
is called correlation. A measure of the degree of correlation is ob- 
tained by defining the covariance: 3 


Covariance = Expected (or average) value of (x — x) (y —¥). 


Note certain analogy with the definition of variance on page 19. 

In mathematical statistics it is shown that this quantity equals 
to zero whenever x and y are numerically independent, increasing 
(in absolute values, for it can be also negative) if dependence exists. 
An estimate of the covariance is obtained by calculating first the 
product-sum i BP tac 
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= Say 2902), 


the latter form being suitable for practical computations. Note 
certain analogy with (3). 
Then, the covariance is estimated by 


2 Dey 
(15) Cov(xy) = Fie scil . 
Note certain analogy with (4). 

Now the quantity 

Cov(xy) 
8 "sy ~s(x) s(y) 
is known as the correlation coefficient. In case of complete independ- 
ence, the coefficient equals to zero. If there is complete correlation 
(positive or negative), i.e. if the value of x exactly defines the value 
of y, r equals to +1 or —1. 

To be accurate, the terms dependence/independence above refer 
only to linear dependence/independence. For example, if y = x’, 
there is an exactly defined dependence between x and y, but 
r in this case is not equal to unity. Linear dependence exists in 
cases where a statistical variable y (the volume of a gland, say) can 
be satisfactorily estimated on the basis of another variable x (weight 
of the gland) by means of a linear regression equation (see page 143): 


y~at bx. 


It follows that an asymmetry holds: if x and y are independent, 
their correlation coefficient will be zero, but if the correlation co- 
efficient is zero, it does not necessarily mean that x and y are in- 
dependent (as they may be dependent in some non-linear form). 
Further: an observed correlation does not involve material depend- 
ence between x and y, but they between themselves may be in- 
dependent, both, however, being correlated with a third variate. 
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CHAPTER II 


Animal Experiments 


Introduction. 


Before the microscopic slide is ready for actual quantitative 
study, several steps must be taken. In a typical experiment, the fol- 
lowing stages are to be passed: selection of experimental and control 
animals, experimental treatment, killing, taking a piece of tissue, 
fixation, embedding, cutting, floating on slide, staining. The proper- $ 
ties of the set of sections thus prepared are essentially dependent on 
every stage of the whole procedure. Therefore, it is necessary to try 
to limit the influence of all non-specific factors to the minimum = 
during every step of the work. Moreover, to be able to use statistical met 
methods in the evaluation of the results, certain conditions outlined — 
in the preceding chapter must also be kept constantly in mind. 


Selection of Animals. 


Completely misleading results are easily obtained unless correct 
methods are used in the selection of animals. This is the first step c 
in each experiment where sampling is done and all sources of error 
combined with sampling are at hand (see page 17). If any space is left 
to subjective selection, a bias is likely to influence the final result 
although the rest of the investigation would be carried out faultlessly. 

If the animals are taken out of a big cage, one at a time, those : 
easier to catch will be taken first and those least interested in leaving 
the cage last. Although the interest of the animals in this r ct 
may seem to matter little, it is certain that the first animals 


differ from the last ones in more than one respect. Selecting the firs 
animals to the control group and the last ones to the experimental _ 
group is biased and may cause either falsely positive or falsely nega- 
tive results. 
Taking every other animal to the control group and the r 

the experimental group is correct if the first is randomly 

_ However, a subjective bias may be introduced. The investi 
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be influenced by his expectations and unconsciously select, say, more 
vigorous animals to the experimental group. There are several 
examples of the real occurrence of this kind of bias even amongst 
experienced investigators. 

The best way of preparing a perfectly randomized sample is to 
give a number to each animal and to use a table of random digits 
(see page 17). If three independent groups each of 10 animals are 
wanted, the first 10 animals are given by the first ten numbers in the 
table. The following series of numbers are taken from a table of 
random digits: (30, 28, 27, 25, 14, 7, 16, 15, 8, 6), (19, 12, 5, 3, 20, 1, 
11, 18, 26,10), (17, 4, 23, 29, 2, 21, 9,13, 22,24). With the aid of 
these numbers 30 animals can be safely divided at random into three 
experimental groups. Against what might be thought, it is not satis- 
factory to improvise a self-made series of numbers because this will 
not fulfil the conditions of randomization. 

Sometimes the sensitivity of the experiment can be increased by 
using pairs matched, e.g., according to the body weight. One animal 
in each pair is then marked with a spot of ink and coin is tossed for 
each pair to decide whether the marked or unmarked animal should 
be put to the control group. The coin must of course be unbiased. 
Tossing a coin can also be used to select animals to three or more 
groups. For three groups, e.g., the following method may be applied. 
tossing the coin twice for each choice: head-head, group 1; tail-tail, 
group 2; head-tail, group 3; tail-head, repeat. 

Randomization does in no way increase the sensitivity of the 
experiment, it only makes it unbiased. Matching, mentioned above, 
in which each experimenta! animal has a control of its own, may 
nevertheless greatly increase the sensitivity of the test by diminish- 
ing the effect of variation between animals. This is particularly the 
case when litter-mate controls are used. Many characteristics show- 
ing a high variability between animals randomly selected from the 
same inbréd strain are surprisingly constant in litter-mates. 


Number of Animals Needed. 


How many animals are to be taken to each group is a problem 
which must be solved before the actual experiment is started. The 
' optimum size of the group is very difficult to assess, even if details 
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of the experimental conditions are known and earlier experiments 
give an idea of the probability that the working hypothesis is true. 
One is, of course, always on the safer side by working with large 
groups but this may be either impossible or unduly costly. Under- 
standing of the statistical principles presented in the first and in the 
last chapter of this volume is nevertheless of considerable aid in 
making the decision. Here an example is given to illustrate the point. 

Consider an experiment designed to make clear whether a given 
dose of nicotine influences the size of the adrenal medulla. Two 
groups of animals are taken, and one of them is injected with nicotine. 
The medullary volume is measured in each animal with the most 
accurate method, i.e. by planimetric measurements in a complete 
series of sections. Suppose then that in an experiment with 5 + 5 
animals the means and the corresponding variances are 1.7 cu.mm. 
and 0.3 cu.mm. for the control group and 2.5 and 0.5 cu.mm. for the _ 
injected group, respectively. If the experimental conditions have 
been strictly randomized, the use of the t-test (see page 135) is justi- 
fied. It will show that the observed difference in the medullary size 
is due to chance in about 1 case out of 10. This makes the hypothesis 
that nicotine does increase the size of the medulla rather doubtful. 

Suppose now that the number of animals in both groups is in- 
creased to 10 and that the means and the variances will turn out to 
be the same as in the preceding experiment. Then the t-test gives 
the result that the hypothesis may be wrong in only 2 cases out of 
100, which might be interpreted to mean that the nicotine treatment 
really has an effect. 

These hypothetical experiments seemingly show that doubling 
the number of animals will radically improve the significance of the 
results. However, this should not be interpreted as to mean that 
large samples always are preferable. The point is that large samples 
enable the investigator to detect smaller differences than small 
samples. If the true effect of the treatment is negligible or zero, 
there is no sense in enlarging the sample, whereas, if the true effect 
is considerable, even small samples will detect the effect. Actually, 
the statistical methods are specifically designed to obtain a reason- 
able estimate of the influence of the random variability ‘on the 
result, no matter what the size of the sample. Therefore, if the prob- 


| be aud 


es. 


Experimental Treatment 29 


ability of the observed changes being due to chance is estimated 
at, say, 1 out of 15 in a big experimental sample, rejection or accep- 
tance of the hypothesis must be quite as carefully considered as if an 
equal probability estimate had been obtained from a small sample. 
Vice versa, when calculations show that in a small sample the prob- 
ability of obtaining the observed result by chance is about 1 out of 
10,000, the significance is quite as good as if it had been obtained 
from a sample 100 times as large. Another thing is of course that 
only perfectly randomized conditions justify the above statistical con- 
siderations. If bias is involved, which admittedly may in some kinds 
of experiments happen more easily with a small sample, no statistics 
can remedy the false results. 


Experimental Treatment. 


When the effect of some drug is studied, it is frequently done 
by giving injections to the experimental animals, leaving the controls 
untreated. However, it may be that the effect thus obtained is not 
specifically due to the particular substance injected, but rather to 
the injection. Therefore, it is correct to inject also the controls at 
the same time with the solvent in which the drug is dissolved. 

The same principle applies to all other kinds of experiments. 
Serious errors may follow if the treatment of the experimental ani- 
mals and the controls is not in all respects identical except for the 
variant under investigation. This may sometimes be rather difficult. 
Suppose that the effect of low atmospheric pressure is under investi- 
gation. The experimental animals are put into a low-pressure cham- 
ber while the controls are left outside. In this case, painstaking trials 
must be done to make sure that the environment is similar in other 
respects than the pressure. The illumination conditions may be radi- 
cally different in the low-pressure chamber and in the room where 
the control animals are kept. Likewise, the influence of factors such 
as noise, temperature, humidity, etc., may cause changes in the ani- 
mals not due to low pressure. 


Killing of Animals. 


The schedule of randomization must rigidly be followed also 
during the killing. Killing first the control group and then the ex- 
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perimental animals, or vice versa, may artificially induce changes 
superimposed on the experimental changes. Such an effect is pro- 
nounced, if the killing is done at long intervals, as the environ- 
mental conditions may change. 

Production of systematic error of this kind can be prevented by 
killing controls and test animals alternatively. However, although 
animals in both groups are then equally influenced, the experiment 
may still be ruined. It has, e.g., been demonstrated that even very 
minor stimuli may be followed by a drop in the ascorbic acid content 
of the adrenals. If the animals to be killed are transferred to an- 
other room, the ascorbic acid content will decrease progressively. 
Thus, the animals killed first show a higher ascorbic-acid content 
than the last killed animals. Although experimental animals and con- 
trols are now equally affected, this difference may completely mask 
any minor alterations due to the factors under study. 

This applies also to the method of killing. In many laboratories — 
it is customary to kill the animals by a blow on the head and bleed 
the animals through the neck. It can be shown that such method of 
killing may induce differences in the blood content of various organs. 
Depending on the strength of the.blow, the circulation of the animal 
is variably affected, and the bleeding after cutting the neck is ac- 
cordingly more or less complete. In most instances it is quite con- 
venient, and least painful to the animals too, to cut the neck without 
any previous treatment. With some experience it is not difficult to 
have the organ to be examined ready frozen one minute or so after 
the animal has been taken from the cage. Straightforward decapita- 
tion is frequently superior to methods involving any treatment, e.g. 
anaesthesia, before the actual killing. 

In small laboratory animals such as the rat and the mouse decapi- 
tation can be done with sharp scissors. In larger animals it may be 
worth while devising a guillotine by means of which the animal can 
be suddenly killed without any previous treatment. Glick, Swigart, 
Bahn and Hastings (1954) recommend shooting of the animals _ in 
their own cage. 

In certain instances, e.g. when the blood content of some organ 
is to be examined, anaesthesia before the killing may nevertheless be 
preferable. It is probably impossible to avoid small alterations in 
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the distribution of blood in various organs, but if the procedure of 
anaesthesia is carefully standardized, comparable results may be ob- 
tained. Davis, Plotz and Plotz (1953) have published an elegant 
method for the study of the blood content of the adrenals. They ex- 
posed the adrenals during a light anaesthesia. The glands were frozen 
in situ by means of a spray of isopentane cooled with liquid nitrogen. 
The organs were transferred frozen into a freeze-drying equipment, 
where they were dried. The dried organs were then embedded in 
celloidin. This method is doubtlessly most adequate for the study of 
the distribution of blood. However, radical experimental changes in 
the blood distribution can sometimes be adequately demonstrated 
even if the animals are killed by cutting the neck. This has clearly 
been demonstrated in the kidney by Trueta, Barclay, Daniel, Frank- 
lin and Prichard (1947). Moreover, the vascularization can be in- 
vestigated by injecting Indian ink into the blood vessels. 


Taking a Tissue Sample. 


For most purposes the above-mentioned freezing method is free 
of any objections. It is, however, rather elaborate and needs special 
apparatus and plenty of time. Simple dissection is therefore usually 
preferable. If the organ is small, it is usually best to cut it out as a 
whole. Care must be taken not to handle the organ excessively, be- 
cause this may cause displacement of the substances to be examined 
or even alter the cytological picture. Dissection must not be unduly 
prolonged because post-mortem changes may quickly affect the 
result. If the exact form of a small organ has to be preserved, it 
may be advantageous to remove it with the surrounding organs and 
fix it with them. Otherwise, dissecting the organ free of adjacent 
adipose tissue is preferable. 

If the organ or tissue to be examined is large, the problem of © 
sampling is again entering. Consider e.g. a study of the nuclear size 
in the liver. Even in the mouse the liver is too big and a represen- 
tative sample must be removed. Even if it has been demonstrated 
that nuclei are similar in all parts of the liver it is wise to take a 
piece from the same lobe and moreover from the same part of the 
same lobe in each animal, because different lobes may be differently 
affected in the experiment. 


32 Orientation 

Due attention must also be paid to the direction in which the 
tissue piece is cut out. In the prostate gland, e.g., the histological 
properties are quite different at different distances from the urethra. 
To be able to make comparable specimens it is therefore necessary 
to cut the sections perpendicularly to the urethra. To be able to do 
this needles introduced into the urethra can be used. The orienta- 
tion is frequently made easier by taking a piece of the adjacent 
tissues. Thus the prostate gland can be prepared out with all the 
accessory urogenital organs. The problem of orientation is then 
taken up first after fixation, when handling of the tissues is easier. 


CHAPTER III 


Preparation of Microscopic Specimens 


Introduction. 


When the tissue piece has been removed, it has to be worked to 
a specimen which can be examined under the microscope. To this 
end different procedures can be used. The most commonly used 
way is to cut sections from the organ. Cutting of sufficiently thin 
sections is possible only if the organ is made solid enough. In ordi- 
nary histology this is done by fixation and embedding in a solid 
medium. In histochemistry the same method can be used, but it is 
frequently preferable to cut the tissué fresh. Besides the cutting 
methods many other methods have been developed. One of the 
most useful ones is differential centrifugation. All these methods 
have been treated in many excellent books of histological and histo- 
chemical techniques and the reader .is referred to these sources 
(Lillie, 1948; Romeis, 1948; Glick, 1949; Lee, 1950; McClung Jones, 
1950; Cowdry, 1952; Gomori, 1952; Lison, 1953; Pearse, 1953). Some 
points which are important from the quantitative point of view will 
nevertheless be dealt with. 


The Linderstrom-Lang Technique. 


Sections can be cut from a fresh tissue which is frozen hard 
enough. The knife must also be cool. Linderstram-Lang (1952) has 
developed a technique in which a rocking microtome installed in- 
side a cold-box is used. The box is kept at a low temperature with 
the aid of a thermostatic device. This consists of a fan blowing air 
on solid carbon dioxide. When the fan is working, the temperature 
in the box decreases. The fan is controlled by a contact thermo- 
meter. As the temperature of the whole system is constant, sections 
of the frozen tissue can be cut without interruption. Constant cut- 
ting speed, which has been shown to result in uniform thickness of 
the sections, is easily maintained with the rocking microtome. Every 
other of the sections is used for histochemical or histological pro- 
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cedure, every other for chemical estimation. As the temperature in 
the box is kept low, the humidity also keeps low. The sections may 
therefore be dried in the box. Manipulations inside the box are 
done with hands in cold-isolating gloves. A heated glass window al- 
lows visual control. ae 

The Linderstrom-Lang technique requires special equipment 
and considerable amounts of solid carbon dioxide. The present 
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(Eranko, 1954), The inner tube, ie 4 
Reetion cooled to. —78° C with dry ice 
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collecting water molecules escap- 
ing from the sections, kept at ca. eat 
—40°C with a mixture of d ‘ 
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fixative such as 10% formalin (4% formaldehyde) or they may be 


immediately transferred on the slide where they are allowed to thaw 


and dry. In some histochemical techniques it is necessary to float 
fresh-frozen sections directly on the reagent. 


Freeze-Drying of Tissue Pieces. 


Although cutting of fresh-frozen sections with an ordinary micro- 
tome is not very inconvenient, this method is not handy if a large 
number of pieces is to be cut. In such instances it is preferable to 
fix the tissues in pieces by some other means such als freeze-drying 
or chemical fixation. These methods have the additional advantage 
that thin sections, which are difficult to cut from fresh material, 
can be easily prepared. 

Freezing of the tissue must be sudden as gradual freezing is ac- 
companied with formation of ice-crystals. These ice-crystals cause 
deformation of cytological details and dislocation of substances in 
the organs. Earlier, liquid air was the most popular fluid for quench- 
ing the tissues. Owing to the poor heat-conductivity of vaporized air 
surrounding the tissue piece in liquid air, isopentane cooled to liquid 
air temperatures has recently been used by most investigators. Cool- 
ing of any inflammable fluid with liquid air is hazardous. Whenever 
possible, liquid air should therefore be replaced by liquid nitrogen. 
When the tissue is quenched between two metal surfaces, it is pos- 
sible to use solely liquid air or solid carbon dioxide. Two metal 
pieces, conveniently attached to the end of long forceps, are first 
cooled in either liquid air or with the aid of solid CO,. Meanwhile a 


thin slice of fresh tissue is cut. The slice is quickly transferred on 


one metal disk and the forceps are closed and put into liquid nitro- 
gen or any fluid cooled with solid CO,. Good heat conductivity of 


metals guarantees a rapid quenching. 


The frozen pieces can be left for a while in the quenching fluid 
or in solid CO,. When all pieces have been quenched, they are trans- 
ferred into a freeze-drying equipment. Several designs of freeze- 
drying equipment have recently been published. With the best ap- 
paratus tissues can be dried in a few hours at tissue temperature 


_as low as —60° C. In such equipment the tissue is dehydrated in a 


‘vacuum produced with a combination of mechanical and oil diffu- 
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sion pumps. In the simple apparatus illustrated in Fig. 4 complete 
drying of tissue pieces not exceeding 1 mm. in thickness can be — 
done in ca. 24 hours. The length of the drying period must be ad- 
justed for each particular tissue. Tissues containing large amounts 
of lipids such as the brain and the adrenal require longer drying 
periods than other tissues. The lower the temperature of the tissue 
pieces, the longer is the drying process. For most purposes it is ade- 
quate to keep the tissue at about —40° C. 

When the drying is completed the tissues can be either directly 
embedded in paraffin in vacuum or immersed in some fixing solvent 
such as alcohol. The temperature of the tissue is first allowed to 
rise to room temperature. Tissues to be embedded directly in paraf- 
fin under vacuum must be completely dry. Embedding in paraffin 
may indeed be used as a test of the dryness of the tissues. When 
paraffin is molten and the piece of tissue is falling in it, no air bubbles, 
appear if the tissue is completely dehydrated. a 

Freeze-dried tissues may also be embedded in carbowax, which 
contrary to paraffin does not dissolve lipids. Some freeze-dried tis- 
sues can be cut without any embedding at all. Further information 
can be obtained from several recent articles dealing with freeze- 
drying (Scott and Hoerr, 1950; Stowell, 1951; Bell, 1952; Glick and 
Malmstrom, 1952; Pearse, 1953; Erdnko, 1954; Mobersaa Lindstrém 
and Andersson, 1954). eu he 


s 


Cieamicn Fixation. 


A large number of chemical fixatives is in current use. Many 
of them can, nevertheless, be substituted with 10% formalin, which 
appears to be the most useful fixative of all. Formalin preserves: 
well not only the cytological details but also many lipids, proteins, 
enzymes, and even many polysaccharides. Formalin can also be fre- 
quently used although some special fixative i is ordinarily prescribed. 


Mordanting of formalin-fixed sections in the specified fixative re 
dies the situation. Frozen sections can be easily prepared from 
formalin-fixed tissues. For other fixatives consultation of the ens 1s 
volumes dealing with histological techniques is recommended 
page 33). . 
If he tissue has Tues fixed i in an pan sons fixative, i i ha 
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dehydrated before infiltration in paraffin wax. Dehydration can be 
done with the aid of a series with increasing concentrations of ethyl 
alcohol, later mixed and replaced with butyl alcohol, which can be 
mixed with paraffin. The following schedule is given as an example: 
10% formalin overnight, 50% ethyl alcohol 12 hrs., 70% alcohol 
12 hrs., 96% alcohol 12 hrs., 96% ethyl alcohol and butyl alcohol 
equal parts 6 hrs., two changes of butyl alcohol 6 hrs., two changes 
of paraffin wax 2 hrs., embedding in paraffin wax. If the tissue 
pieces are kept in continuous movement in the fluids, the procedure 
can be greatly abridged. Further, the minimum length of treatment 
in the fluids essentially depends on the size of the pieces. 


Differential Centrifugation. 


As mentioned earlier, other methods than section cutting may 
be used for making preparations thin enough for microscopical 
studies. By means of differential centrifugation it is possible to 
separate different tissue and cell constituents thus making their 
chemical analysis possible (Bensley and Hoerr, 1934; Claude, 1944; 
Dounce, 1950; Schneider and Hogeboom, 1951). This method has 
been recently much used for the chemical analysis of cytoplasmic 
particles. Full treatment and description of this method falls out- 
side the scope of this book, but it may be mentioned that in our 
experience differential centrifugation in hypertonic sucrose solu- 
tions at 0° C gives a good separation of nuclei and cytoplasmic 
granules. Apparently, the chemical composition of these constituents 
is not as much altered as would be expected. See also Glick (1949) 
and Cowdry (1952). 


CHAPTER IV 


Specimen Thickness 


Introduction. 

To be able to express the results of quantitative measurements 
in terms of unit volume of tissue, the thickness of the microscopical 
specimen must be known. When sections are used, an estimate of 
the section thickness is given by the adjustment of the microtome. 
Unfortunately, the section thickness is frequently subject to con- 
siderable variations although everything is done to keep the thick- 
ness constant. Unless these variations are taken into consideration, 
otherwise adequate measurements may be invalidated. 

If the quantitative measurements are carried out on relatively 
large areas of the section, the error introduced by variations in the 
section thickness can frequently be reduced enough by measuring 
the average thickness of the section simply by weighing it. If, on 
the other hand, the measurements are carried out on small tissue 
constituents, uneven thickness in different parts of the section may 
be a source of error which cannot be remedied by measuring the 
average thickness. In such instances it is preferable to measure the ~ 
thickness of the specimen in restricted areas. This can be done mechan- 
ically in sections hard enough. The best method of estimating thick- 
nesses in small areas is nevertheless based on optical measurements. 

It must be realized that errors due to the lack of uniformity in 
section thickness cannot always be eliminated by thickness measure- 
ments. Thus, the intensity of many histochemical reactions is not 
linearly proportional to the section thickness (see pages 45 and 114), 
wherefore it may be necessary to reduce thickness variations to the 
minimum. In such instances, thickness measurements are of great 
value in the selection of equally thick sections. 


Weighing of Sections. 


Any balance sensitive enough is adequate for weighing the 
sections. Such a balance can be fairly easily constructed. Fig. 5 
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shows a string balance modified from that published by Trevan 
(1926). It makes use of the fact that bending of a steel wire is within 
a reasonably large range proportional to the bending weight. The 
displacement is in this balance determined with the aid of a micro- 


Indicetor lamp 
oI ae 


1Mn 


Fig. 5. A steel-wire balance modified from that designed by Trevan (1926), The 

displacement of the wire caused by the object is read with the aid of a micro- 

meter screw. The deflection is directly proportional to the weight within a 
wide range. 


a 


meter screw. When the steel thread touches the micrometer screw, 
an electric circuit is closed and the indicator lamp lights up. Depend- 
ing on the cross section and on the modulus of elasticity of the 
material used, the sensitivity range of this kind of balance can be 
_ suitably adjusted. The reading can also be done optically with a 
‘kathetometer or a horizontal microscope with an ocular micro- 
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meter. If the steel wire is replaced with a hollow quartz fibre (Fig. 6), 


highly sensitive balances can be constructed (Lowry, 1941, 1953). 
Instead of quartz, fine glass capillaries can also be used. The wire 
or fibre used for weighing must be enclosed in a box to prevent the 


Se 


Fig. 6. Fishpole quartz balance, sensitive down to 0.01 ug. (Lowry, 1953). The 
inside of the glass case and the fibre are platinum-coated. The quartz rod is fixed 


into the case with Wood’s metal. The pan is made of glass, thin enough to show — 


interference colours, by blowing out a glass bubble rapidly. It is sealed in place 
with a minute amount of hard de Khotinsky cement. In the present writer’s 
experience Pyrex glass can be used instead of quartz for making the fibre. 


Displacement is read through the window with a horizontal microscope fitted 


with an ocular micrometer. 
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Fig. 7. A simple torsion balance (Strong, 1949). The torsion fibre and - 
arm are made of quartz. To maintain the tension of the torsion fibre c 
a quartz bow is used. The weight of the object is read from the dia 
twisting until the cross arm gives a zero reading on the divided head. | 
sitivity depends on the thickness of the quartz fibre. With thin fibres 
tivity of 0.1 to 0.001 wg. per scale division can be reached. 


influence of air currents. To avoid the effect of static poten 
box has to be made of some conductive material and 
earthed. Some radioactive paint in the i inner wall of the 
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Another type of sensitive balances makes use of torsion prin- 
ciple. Fig. 7 shows a torsion balance, which may be constructed of 
quartz fibre (Strong, 1949). It is not difficult to construct an ac- 
curate balance sensitive to less than 10° gm. See also Lowry (1949). 


Mechanical Thickness Measurements. 


By weighing tissue sections it is only possible to know the average 
thickness. According to Glimstedt and Hékansson (1951), however, 
marked variations may occur in the thickness of different parts of 
the same section. These authors modified a mechanical meter, 
originally constructed for tolerance controls in the engineering 
industry, for the measurement of section thickness. Their instrument 
works with a minimum pressure of 200 mg. In measurements of 
paraffin sections, using a sphere of 6 mm. diameter in the meter, 
no noticeable deformation of the section was observed (Glimstedt, 
personal communication). It should be noted, however, that a 
pressure of 200 mg. is too large to allow measurements on small 
areas; 200 mg.’s weight on an area of 100 X 100 « corresponds to 
a pressure of 2 kg./cm’. 


U semireflecting 


| mirror 


Fig. 8. Schematic picture illustrating 
the interference method for measur- 
ing the section thickness (Richards, 
1947). Both the cover slip and the 
slide must be optically flat. Examined 
and illuminated with monochromatic 
light from above, definite interfer- 
ence fringes are seen. The section 
thickness is obtained by multiplying 
the number of these fringes by 0.29, 
when sodium light is used. 


section cover slip 
slide 


Optical Thickness Measurements. 

Several optical methods for the estimation of section thickness 
have been described. One of them is to focus on the lower surface 
‘of the cover slip and subsequently on the upper surface of the 


Ts 
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slide, the difference being read from the scale of the fine move- 
ment screw of the microscope. The accuracy of this method is low. 
Caspersson (1950) has described a method based on refractive index 
differences. The original reference should be consulted. Fig. 8 illus- 
trates an interferometric method (Richards, 1947). 


Determination of Dry Mass. 


Recently, two useful methods have been described. They are 
X-ray absorption measurement (Engstrém, 1946) and interference 
microscopy (Dyson, 1950). If very soft X-rays are used, the absorp- 
tion is dependent on the dry mass of the tissue (Engstrém and Lind- 
strom, 1949, 1950). An X-ray absorption image can be prepared 
with a resolving power of about 1 uw. This method unfortunately 
suffers from complicated design of the apparatus required. 

Equally valuable information can be obtained with the aid of 
the interference microscopy in a fairly simple way. The method 
makes use of cell refractivity or optical path-length, which is a 
measure of the total mass of substances other than water, that is 
the dry mass. Results obtained with X-ray absorption and inter- 
ference microscopy have been recently compared in a variety of bio- 
logical structures (Davies, Engstrém-.and Lindstrém, 1953). A good 
agreement was observed between the two methods. The interference 
method has the particular advantage that it may also be used for 
studying quantitatively changes in the dry weight of individual 
cells, which is impossible with any other method. Further, the re- 
solving power of the interference microscopy is much superior to 
that of the X-ray absorption technique. Alternative dry-mass de- 
termination and light absorption measurement can be done with 
relative ease. Interference microscopy is discussed in further detail 
on page 48. 

Linderstrom-Lang and other members of the Carlsberg group 
have devised techniques for the estimation of so-called “reduced 
weight” in small tissue samples. Reduced weight is the weight of the 
sample minus the weight of an equal volume of water. For details 
see Linderstram-Lang (1952). 
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CHAPTER V 


Microscopic Demonstration of Tissue Details 


Introduction. 


In most instances, untreated tissue sections or smears show little 
or no details when examined under an ordinary microscope. Special 
methods are therefore necessary to demonstrate the details. This 
can be done by treating the section with histological staining 
methods or with histochemical techniques. Even unstained speci- 
mens can be examined, if use is made of the absorbing properties, 
of the fluorescence, or of the refracting index differences in various 
tissue constituents. Tissues labelled with radioactive indicators can 
be used for the same purpose. 


Histological Staining Methods. 


Histological staining methods are either progressive or regressive, 
or mixtures of these. In progressive methods the specimen is im- 
mersed in a staining solution until the desired coloration is obtained. 
In regressive methods the tissue is first overstained and excessive 
stain is removed in a liquid dissolving the dye. In most regressive 
staining methods it is customary to control the decolorization of 
each individual section visually. The differentiation is finished when 
a satisfactory stain is obtained. Mixtures of these principal methods 
are common. Thus, in staining methods involving the use of several 
dyes, the first step may be regressive while other stains are there- 
after applied in a progressive manner. 

In quantitative studies a staining may be necessary 


a) to make details visible (e.g. in nuclear measurements), 

b) to stain differentially some tissue constituents (e.g. for the 
estimation of the numbers of basophilic and eosinophilic cells 
in the pituitary gland), 

c) to be able to study quantitatively the stainability of some 
tissue constituent (e.g. the intensity of basophilia in the cyto- 
plasm of nerve cells). 
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The conditions which a staining method must fulfil are accord- 
ingly different in each case. When morphologically defined charac- 
teristics are investigated, variations in the intensity or colour of 
different tissue elements may be of little importance, and any 
general staining method is adequate. When measurements on dif- 
ferentially stained tissue elements are in question, care is necessary 
to avoid errors due to variations in the staining technique. To men- 
tion one example, Mallory-Heidenhain’s azocarmin stain is com- 
monly used for differential staining of the cells of the anterior lobe 
of the pituitary. In this technique, the tissue is first overstained 
with azocarmin, differentiated under visual control, overstained in 
a mixture of aniline blue and orange G and differentiated again. 
The final result thus essentially depends on two subjectively con- 
trolled stages, and it is easy to show that similar cells, e.g. erythro- 
cytes, can be stained either red or blue with the same technique | 
when the subjectively controlled stages are slightly altered. It is 
clear that with such techniques any experimental changes may be 
completely masked or, on the contrary, differences may be falsely 
created in specimens actually identical. Therefore, all steps must be 
so standardized that no space is left to subjective judgment. 

When the intensity of the staining is to be measured, still more 
rigorous control of all steps in the staining procedure is necessary. 
The final result is sensitive to small variations in ‘the fixation and 
embedding procedures, in the dye concentration, in the acidity, ionic 
strength and age of the staining solution, in the lengths of staining, 
washing and dehydration periods, etc. Reproducibility of the tech- 
nique must therefore be carefully checked before it is used for 
quantitative purposes. For comparison of sections from controls 
and experimental animals, pairs of sections from both groups should 
be treated attached on the same slide. Progressive staining methods 
are mostly preferable. 

Theoretical aspects of histological staining have been discussed 
in Zeiger’s (1938) excellent monograph. An admirable review of fac- 
tors controlling the staining of tissue sections with acid and basic 
dyes has recently been published by Singer (1952). An abundance 
of staining techniques has been described in books by Lillie (1948), 
Romeis (1948), Lee (1950), McClung Jones (1950) and Cowdry (1952). 


Histological and Histochemical Methods 45 


Histochemical Reactions. 


The aim of histochemical techniques is to demonstrate in tissue 
the sites possessing some specific chemical property or properties. 
After the complete procedure, these sites are visible either dark or 
coloured. An ideal histochemical method would be specific to the 
substance it tries to demonstrate, and the distribution and intensity 
of the visible reaction product would truly indicate the location 
and concentration of this substance in the living cell. Unfortunately, 
there is not a single histochemical test completely fulfilling these 
conditions. The specificity of most histochemical techniques is 
limited, a group of substances being responsible for the staining 
reaction. Considerable losses of the substance to be demonstrated 
may occur during the treatment of the specimen before and during 
the histochemical procedure. Moreover, not only falsely negative 
but also falsely positive results may be caused e.g. by displacement 
of substances during the treatment. Furthermore, the intensity of 
the reaction produced is rarely in a simple relation to the concen- 
tration of the reactive material present in the section. “All-or-none” 
reactions are frequent, i.e. subthreshold concentration of the sub- 
stance to be demonstrated does not produce any reaction at all while 
a slightly higher concentration above the critical threshold produces 
a maximum blackening. Even if the responsible substance has sur- 
vived the procedure and remained in its original site in the tissue, 
misleading distribution of the visible reaction may be caused by 
dislocation of the reaction product to neighbouring parts of the 
tissue having an affinity to the product. 

Bearing the above facts in mind, it is clear that before using any 
histochemical method the specificity of the reaction should be tested, 
and due attention should be paid to the possibility of decomposition 
or diffusion of the substance to be demonstrated, of any inter- 
mediate reaction product, and of the final visible compound. Unless 
this is done, the slides, though nicely stained, may be entirely value- 
less from the histochemical point of view. A surprisingly large pro- 
portion of published histochemical methods is without much value 
and only a few of them have been fully critically studied. Fortu- 
nately, three excellent books of histochemistry have recently ap- 
‘peared (Gomori, 1952; Lison, 1953; Pearse, 1953) in which a large 


Few 
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variety of methods is examined from both theoretical and practical 
points of view. 

If a histochemical method is reasonably specific and if there 
are reasons to suppose that diffusion processes do not invalidate the 
technique, photometric measurement of the resulting darkening or 
colour never does any harm. Much valuable information can be 
obtained in this way, though the relation between the intensity of 
coloration and the concentration of the substance responsible were 
unknown. However, if the staining intensity is to be expressed in 
terms of concentration or of chemical activity, relation between 
these two variables must be carefully examined. Sometimes it is pos- 
sible to check directly the results by ordinary chemical methods. In 
most cases, however, this is not the case. Coujard slides (see 
page 113) may be useful in such instances. 

The necessity of maintaining standard conditions of treatment, 
above emphasized in connection with the histological technique, ap- 
plies at least equally well to the histochemical techniques. Also in 
this case it is of advantage to treat experimental and control speci- 
mens on the same slide. 


Absorption Methods. 


Histological staining techniques and histochemical methods are 
used to produce in sections sites absorbing visible light. Although 
a section is completely colourless when examined in transmitted 
visible light, some of its constituents may selectively absorb rays 
outside the visible range. Such details can be brought out by ex- 
amining them in ultraviolet light (see Barer, 1950 a, b; Caspersson, 
1950; Barer, Holiday, and Jope, 1950), in infrared light (Barer, 
1950 a, 1951, 1952 d), with X-rays (Engstrém, 1946; Engstrém and 
Lindstrém, 1949, 1950), or by means of the electron microscope 
(Scott and Packer, 1939 a, b; Scott, 1943). Many biological substances 
have characteristic absorption peaks in the ultraviolet and their 
distribution in the specimen can be studied by ultraviolet photo- 
micrography. X-rays and electrons can also be used in the same 
way, and they have been found particularly useful for the demonstra- 
tion of the distribution of various minerals. Little work has hitherto 
been done with microspectrography in the infrared region. 
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All these methods require expensive and complicated equip- 
ment. Absorption microspectrography can in a simpler way be used 
for the study of stained sections in ordinary light. This technique is 
described later in this volume (chapters VIII, IX, and X). 


Fluorescence Microscopy. 


Many biological substances are autofluorescent, i.e. when illu- 
minated with ultraviolet light they emit light. Based on this fluo- 
rescence, distribution of some substances can directly be observed 
in fresh tissues. Though the substances responsible for the fluo- 
rescence would not be known, fluorescence microscopy may some- 
times be useful for demonstration of different kinds of tissue in an 
unstained preparation. 

The intensity and the colour of the fluorescing light are depend- 
ent on the nature and concentration of the fluorescing substances. 
Fluorométry is indeed a convenient method for quantitative deter- 
mination of some substances. Unfortunately, this applies only to 
pure solutions. Even very minor alterations in the composition of 
the solvent in which the fluorescing substance is dissolved may 
strongly modify both the wavelength and the intensity of the fluo- 
rescence (Pringsheim, 1949). Therefore quantitative estimation of 
fluorescing substances in microscopical specimens is connected with 
many difficulties. It has e.g. not been possible to identify the spec- 
trum of pure vitamin A in tissue sections, although an abundance of 
presumptive evidence has been collected indicating that vitamin A 
is responsible for a strong fluorescence in many tissues (Popper, 
1944). Sjostrand (1946 a, b) nevertheless succeeded in identifying by 
fluorescence microspectrography the cytological localization of ribo- 
flavin and thiamin. 

Any ordinary microscope can be used for fluorescence studies, 
provided that its condenser and other lenses do not show excessive 
fluorescence. Carbon-are or mercury-vapour lamps with high sur- 
face-light intensity are adequate for the purpose. A cuvette with 


5% copper sulfate and a Wood-glass filter are used for obtaining 


ultraviolet light. Any yellow filter causing a complete extinction of 


_ this light can be used as a stop filter. 
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Contrast and Interference Microscopy. 


Although most tissues do not absorb visible light, i.e., they leave 
the amplitude of the light radiation unchanged, differences in the 
refractive indices in various parts of the tissues cause changes in the 
phase of the light rays. The magnitude of these phase changes is 
dependent on the refractive index and on the thickness of the tissue 
through which the light has to pass. In interference and phase-con- 
trast microscopes, light rays in which a phase shift has been caused 
by refractive tissue particles are allowed to interfere with light rays 
in which no such shift has occurred. As a result, lighter and darker 
areas corresponding to the refractive index differences are seen in 
the tissue. While the phase shift is in the phase-contrast microscope 
merely used as a means of making the tissue visible, the magnitude 
of the phase shift can be quantitatively measured in the interference 
microscope. (For literature see Barer, 1949, 1952 a-d; Richards, . 
1949, 1951; Dyson, 1950.) . 

A new kind of contrast microscope has recently been constructed | 
by Wilska (1953 a, b, 1954; see also Barer, 1953 a). This “anoptral- 
contrast” microscope has been found useful particularly in the study 
of very small details, which are seen better than in the phateseer 
trast microscope. Sy 

These microscopes offer iiredeavihie possibilités for quantitative 
refractometry (Barer, Ross, and Tkaczyk, 1953). In-all of them, par- 
ticles with a refractive index different from that of the surrounding 
medium appear either brighter or darker than this medium. If 
mine solution is used as a mounting medium, the refractive inde 
this can be varied without altering the osmotic pressure, and t e 
refractive index of any tissue particle can be determined by mate he 
ing with that of the albumine solution, When the refractive > index 


phase-contrast microscope a rpareiele whose reftdcnivae index! 
higher than that of the medium appears dark, and vice versa. 
mounting medium to be used for refractometry should not of « 
penetrate the particle. For the study of living cells it must furt 
be non-toxic and not impair their structure or function. 
ae is pores that the dears Aye inerenion i. 
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practically equal for all protein solutions. Even mineral and carbo- 
hydrate materials have specific refractive increment values of the 
same magnitude order as proteins. By measuring the refractive index 
of some tissue constituent it is therefore possible to get a fairly ac- 
curate idea about the concentration of dry substances in this con- 
stituent. The particular advantage of this measuring method is that 
it is suitable for measurements in living cells. Phase-contrast, anop- 
tral-contrast, and interference microscopes can equally well be used. 

If the last one is available, the total phase shift can be measured. 
As this shift is linearly proportional to the amount of refractile sub- 
stance and inversely proportional to the specific refractive incre- 
ment, interference microscopy is, as mentioned earlier, a convenient 
method for estimating the total dry mass in different parts of the 
section (Barer, 1952 c; Davies and Wilkins, 1952; Davies, Engstrom, 
and Lindstrém, 1953). With the aid of this method quantitative 
microspectrographic analysis can be related to the dry mass of the 
corresponding parts of the tissues or cells. Moreover, by combining 
this method with thickness measurement it is possible to estimate 
refractive indices and concentrations in tissue elements without the 
use of various immersion media. 


Radioautography. 

Sections cut from organs taken from animals injected with 
radioactive substances are capable of creating images when placed 
on a photographic plate. The area darkened in the developed plate 
shows the localization of the radioactive substances, and the darken- 
ing is dependent on the intensity of radioactivity in each site. If a 
maximum resolution is sought, the sections can be impregnated with 
the sensitive emulsion. The theory and methods of the radioauto- 
graphic localization of radioelements in tissues have been admirably 


discussed by Gross, Bogoroch, Nadler and Leblond (1951). 


Kohler’s [lumination. 

Proper use of the microscope is one of the main conditions for 
the success of quantitative microscopic studies. Barer’s (1953 b) 
guide is a valuable introduction to everybody who wants to learn 
the adequate way of using the microscope. Correct illumination must 
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be used, even if the quantitative studies are not primarily concern- 
ed with changes in the light intensity. ae 
For practically all purposes, including those in which quantitative 
light measurements are done, Kéhler’s principle of illumination is 
adequate. This principle is illustrated in Fig. 9. Fig. 10 shows how 
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Fig. 9. Kéhler’s illumination. Note 
that images of the lamp filament 
are formed on the plane of the 


iris diaphragm of the microscope iris diaf ae 
condenser and on the back focal aa wade ey. 
plane of the microscope objective. ae condenser i 3 alee 


Images of the lamp condenser dia- 
phragm are on the specimen plane 
and the final image plane. 


Se 3 
this illumination is reached in praxis. It may be observed t Se i 
image of the lamp filament is formed by the lamp con 

the focal plane of the sub-stage condenser. Therefore, all | 
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tude of the illuminated area in the specimen but it controls the 
angle in which the light is reaching the specimen, working thus as 
an aperture diaphragm. By means of it, the numeric aperture of 


Fig. 10. Kohler’s illumination in practice. 1) The image of the lamp filament is 
focused on the condenser diaphragm. 2) Looking in the microscope the image of 
the specimen is made sharp. 3) The image of the nearly closed lamp-condenser 
diaphragm is focused on the specimen plane by moving the microscope condenser. 
4) The lamp-condenser diaphragm is opened until its border is just no more 
visible in the microscope. 5) With the ocular removed the back of the objective 
is examined and the diaphragm of the microscope condenser is closed until it 
is just visible. 


the light bundle by which the specimen is illuminated is set some- 
what smaller than that of the objective. As every point in the speci- 
men is illuminated by every point of the filament it is not com- 
pulsory to have an even distribution of light in the filament plane. 
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The lamp diaphragm is sharply in focus simultaneously with the 
specimen. It works thus as a field diaphragm. The magnitude of the 
illuminated field in the specimen should not exceed that under 
examination, otherwise the disturbing effect of light scatter in- 
creases unnecessarily. As the resolving power of a microscope is 
dependent on the numeric aperture, care must be taken that, at 
high magnifications, a sufficiently large aperture of the condenser 
is used. If the image of the lamp filament on the sub-stage con- 
denser diaphragm is smaller than the total diaphragm opening, this 
may not be the case; the situation can be remedied by increasing 
the distance of the lamp from the microscope. To use the full aper- 
ture of immersion objectives, immersion oil must also be used be- 
tween the condenser and the slide. Without immersion oil the effect- 
ive numeric aperture of the condenser keeps below 1.0, and the re- 
solving power is diminished. 

At low magnifications the microscope condenser usually illumi- 
nates a too small area in the section. Removal of its upper lens 
usually makes possible a correct illumination in a field large enough. 
When magnification is changed, the illumination must be adjusted 
every time. However, when low. magnifications are used only for 
finding a suitable object for quantitative measurements at higher 
magnifications it may be unnecessary to adjust the illumination prop- 
erly for the lower magnification. 

In spite of its many advantages, Kohler’s ‘tamiaanee has the 
drawback that only a relatively small fraction of the total light in- 
tensity of an ordinary microscope lamp can be used at higher magni- 
fications. This situation can be corrected by decreasing the focal 
length of the lamp condenser. A lamp condenser in which the focal 
length can be altered by changing lenses is particularly useful when 
the magnification must be frequently changed. Such a lamp has been 
recently designed by Barer (personal communication) ate it should 
soon be commercially available. 

In KGhler’s illumination the intensity of light must not be ad- 
justed with the lamp diaphragm or the sub-stage diaphragm. If the 
intensity is excessive, neutral filters or adjustable lamp voltage must 
be used. At higher magnifications, particularly when relatively 
monochromatic light is used, the light intensity of the lamp is rarely 
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too high. With Kohler’s illumination it is mostly not necessary to 
insert any ground glasses in the system. If it is wanted to do so, the 
ground glass should be inserted between the bulb and the lamp con- 
denser or immediately below the specimen, because then the loss of 
light is minimal. 


Photomicrography. 


Preparation of good photomicrographs is not more difficult than 
ordinary photography. When the illumination is properly adjusted 
and the image is sharply focused on the plane of the photosensitive 
emulsion, a correct exposure is about the only condition for a good 
photomicrograph. 

As a good emulsion for general purposes, any panchromatic 
material with sufficient contrast is suitable. Panchromatic material 
has the advantage that with the aid of suitable filters it is possible 
to make a contrast-rich photomicrograph of microscopic details of 
any colour. For instance, when green tissue constituents are wanted 
to stand sharply out, a red filter is used. For ordinary photomicro- 
graphy one yellow, one blue, and one red filter are sufficient. 

The exposure time is dependent on the spectral distribution and 
the intensity of light entering the microscope, the microscope magni- 
fication, the distance of the photographic emulsion from the ocular, 
the absorbing properties of the microscopical specimen as well as 
the sensitivity of the emulsion. If no exposure meter is available, 
the correct exposure at each illumination condition and magnifica- 
tion must be found by trial and error. It is wise to standardize the 
illumination conditions and prepare a series of trial exposures at 
three different magnifications, each with three different kinds of 
filters, and taken of specimens having low, medium, and high ab- 
sorption. When proper exposure times have been worked out for 

these 27 different conditions, preparation of first-class photomicro- 
graphs of any kind of specimen is bound to be successful even with- 
out an exposure meter. Any exposure meter with sufficient sensitiv- 
ity is nevertheless a very useful aid in photomicrography. For the 
measurement the meter should be placed on the plane of the photo- 
_ graphic emulsion. 
The type and size of the photographic material in photomicro- 
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graphy is a matter of taste. Equally successful pictures can be taken 
on 35 mm. films as on large plates. In the first case the running costs 
keep low, while the use of plates is more expensive because of the 
higher price of the negative material. This drawback is frequently 
outbalanced by the facts that a simple and sufficient plate camera 
can be made of card-board at a low cost and that contact copies 
from plates are often sufficiently large. 

A film or plate support for photomicrographic purposes can be 
made of an old camera. Any additional optics between the micro- 
scope ocular and the photographic emulsion is always superfluous 
and results in decreased sharpness. If the camera shutter is used, it is 
wise to have no rigid contact between the camera and the micro- 
scope, because vibrations caused by the shutter may result in blur- 
ring of the image. For most purposes it is advantageous to adjust 
the light intensity so that the exposure lasts ca. 5 sec. 

In plate cameras, focusing is most conveniently done on a ground 
glass. The same principle may be applied to any type of camera, but 
for routine use a reflex camera is most convenient, see page 108. 

The above instructions are merely valid for the preparation of 
photomicrographs in which quantitative measurements are perform- 
ed on morphological basis. The photographic method of photometry 
has in further detail been described in chapter X, page 120. 


Projection and Drawing. 


In many instances the morphological measurements are most 
practically done on the projected image of the specimen. Fig. 11 
shows a simple type of microprojector. For low magnifications an 
ordinary microscope lamp is perfectly adequate but for higher mag- 
nifications it may be necessary to increase the light intensity. In- 
stead of the arrangement shown in Fig. 11 in which the microscope 


axis is horizontal, two mirrors or reflecting prisms may be used for 
projecting the area on paper, or the microscope may be fixed up- 
side down above the paper. A further alternative is to project the 
image on a ground glass above the microscope, the image being ex- 
amined from above. Such an arrangement has the advantage that 
the shadow of the examiner’s hand or pencil does not disturb the 


drawing or measurement. 


Projection and Drawing 55 


The projection method is somewhat impractical at higher mag- 
nifications. It is then more convenient to draw the pictures with 
some kind of drawing apparatus, one of which is exemplified in 
Fig. 12. In this instrument the microscopical image is seen simulta- 
neously with the drawing paper beside the microscope. The inten- 


Fig. 11. A simple projection arrangement. 


Fig. 12. A schematic drawing illustrating Abbe’s camera lucida. With the aid of 

. the half-reflecting prism the image of the specimen and the table nearby the 

microscope are seen superimposed, which allows accurate reproduction of the 
specimen. 
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sities of illumination in the microscope and on the paper must be 
matched to see both with a necessary accuracy. 

Whatever method is used for transferring the microscopic image 
on paper, it is good to remember that frequently only the central 
area of the microscopic field is reasonably free of distortion. This 
can be demonstrated and its magnitude can actually be measured by 
comparing drawings or photomicrographs in the center and the peri- 
phery of the microscopic field. 

Linear magnification is determined by replacing the specimen 
slide with a stage-micrometer without altering anything in the pro- 
jection system. The distance between the lines in the magnified 
image of the micrometer scale is then measured. Knowing the true 
distance, frequently 100 or 10 wu, the linear magnification is easily 
calculated. 
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CHAPTER VI 


Estimation of Relative Volume 


Introduction. 


Relative volume of some tissue is without doubt one of the most 
commonly measured variables in quantitative histology. Several 
methods are available for such measurements, each method being 
more suitable for some particular purpose than the others. All these 
methods give estimates of the relative areas in tissue sections, and 
the relative volumes are obtained by simple calculation. If only one 
representative section is measured in each animal, the estimate of 
the relative volume is equal to the obtained value of the relative 
area. If, on the other hand, several sections have been measured 
from the same piece and the proportional area in each individual 
section is p; (i.e. area of the tissue to be estimated/total area of the 
section) and the total area of the section is a;, a correct estimate of 
the proportional volume is then p = Heb : 

v 

It must be noted that the section thickness may have an influence 
on the estimate of relative areas. This is the case if the tissue whose 
relative volume is to be assessed is very irregular and unstained in 
contrast to the surrounding tissues. In thick sections the chances to 
overlook considerable areas of the unstained tissue are then obvious. 
On the other hand, when the relative volume of, e.g., nuclei is esti- 
mated in thin sections, the relative number of such nuclear caps 
which are too thin to be seen increases and too low values are ob- 
tained. 


Planimetric Measurements. 


Area measurements can be very accurately done with a plani- 
meter. The principle of planimetric measurements is illustrated in 
Figs. 13 and 14. To measure an area, the tracer point of the plani- 
_ meter is placed on a selected starting point, reading of the meas- 
‘uring wheel is noted, the area is circumscribed in a clockwise direc- 
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tion by means of the tracer point, and the reading of the measuring 
wheel is repeated. 

Planimetric measurements can be done either on previously pre- 
pared drawings or photographs or directly on the magnified image 
of the section projected from below on a ground glass. 

If a planimeter is not available, the area can be measured with 
comparable accuracy by drawing the outlines of the concerned areas 
on a paper. The corresponding pieces are then cut out and weighed. 
This method, which is very cumbersome, particularly when irregular 
structures are studied, has been much used in quantitative histology. 

Planimetry is the most reliable method of area measurement 
and it is accordingly useful when high accuracy is necessary. Irregu- 
larity in the form and distribution of the specific tissue may indeed 
make planimetric measurements obligatory. 

If a complete series of sections is prepared of a gland and every 
section is planimetrically measured, the obtained relative volume is 
not estimated but measured and the only sources of variability are 
the errors in measurements. The methods to be presented below 
give estimates of the relative areas in each section, the accuracy of 
which is essentially dependent on the sampling error. A sampling 
error is likewise introduced, if instead of a complete series of sec- 
tions, representative sections only are measured planimetrically. 
Then the sampling variance within each section is zero but that 
between the sections must be considered. As the sampling variance 
is an important indicator of the accuracy of the applied technique, 
let us examine its nature in some detail. 


Sampling Variance.. 


All proportion estimates can be expressed in the form 


(17) by Pam 


in which x and y are random variables with no further specifica- 
tion. For example, when sections are planimetrically measured as 
__above, x may be the area of some particular tissue and y the total 
area. As x and y vary from one section to another, p is also subject 
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to variations. The variance of p can then be estimated from the fol- 
lowing formula: 


ees s°(x) 
(18) Sp) = pa +3 Fs 


sy) ray s(x)s(y) 


This formula is satisfactory provided that s°(x) is small as compared 
with x°, and similarly for y. No special assumption is made of the 
variability of x and y. Therefore, the formula can be used in both 
systematic and random sampling if s°(x) and s°(y) are correctly esti- 
mated. 

As the formula may seem complicated at first sight, let us ana- 
lyze it in detail. In brackets, the first term includes the variance of 
x, s(x). This divided by x” gives the square of the coefficient of 
variation of x. Similarly for the second term. In the third term, rz, 
stands for the correlation coefficient of x and y. If x and y are in- 
dependent of each other, r,, will be zero, and the last term vanishes. 
The additional composition of this term is, except for the factor 2, 
the product of the coefficients of variation of x and y. Therefore, it 
is seen that the variability of p depends on the variability of both 
x and y and on their statistical interrelations. 

Now, s*(p) divided by p* gives the square of the coefficient of 
variation of p, say, V(p). Thus, denoting the coefficients of variation 
of x and y by V(x) and V(y), we obtain 


(19) V*(p) = V(x) + Vy) — 2rzy V(x) Vly). 


In many applications the relative variabilities of x and y are equal, 


V(x) = V(y) = V. Then the formula reduces to 


(20) Vp) = V?+ V2 — 2regy VV 
ad 7 V1 Say rxy) ° 


Further it is seen that if there is a complete positive correlation 
between x and y, rz, = 1, the variance reduces to zero. On the other 
hand, if the correlation approaches to zero, the relative variance 
amounts to 2V’. If r,, — —1 (complete negative correlation), the 
relative variance equals to 4V’. 

In many applications y is or can be kept constant, having thus no 
random variance. What remains in the formula (18) is then 


‘frre 8 
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(21) $(p) = 2 
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ist (x 
y” 


i.e. the variance now depends on the variability of x alone. It should 
be noted that the larger y, the smaller the variance. In this case 


(22) Vp) = V(x). 


The reader should realize that the above formulas are of general 
importance and useful in many connections. No assumptions on x or 
y were made except that they are random variables, wherefore the 
formulas will in the subsequent discussion be used in alternative 
forms, giving x and y different meanings. 

In the formula above sampling from an infinite population is 
assumed. If the population is finite, say N elements, of which n 
belong to the sample, the variance formulas should be multiplied by 
(23) _" = finite multiplier. 

In a complete series of sections, each of which is planimetrically 
measured, N = n and the sampling variance is equal to zero. 


Area Sampling. 


Frequently it is both elaborate and unnecessary to make a com- 
plete measurement in each section, e.g. when the relative volume of 
capillaries is to be estimated. In such case, measurements are per- 
formed in a number of visual fields or restricted areas of the visual 
field. If n visual fields or its fractions of constant area y are thus 
measured and the area of the specific surface in each visual field is 
x, the estimate of the relative area is 


a 5 

(24) pha ai SX: 
ny J 

where x is the mean of x. In this case y is constant and consequently 

has no sampling variance, the variance of p being thus 


s*(x) 


ny” 


(25) $*(p) = 


62 Estimatiow of Relative Volume 


where s*(x) can be determined from the data according to equa- 
tion (4), page 20. 

The variance as given by (25) can be reduced by ineresamnmechic 
number of visual fields, n. Note, however, that the standard error 
is not proportional to n but to the square root of it. Therefore, if 
one wishes to cut the standard error in half, the number of fields 
must be quadrupled. 

Formula (25) applies for pure random sampling, i.e. when new 
visual fields are thrown on the section randomly without regard to 
the earlier fields. The sampling can also be done by randomly select- 
ing new fields so that they do not cover those thrown earlier. This 


represents a kind of random sampling without replacement, and it 


is clear that the more the area is sampled, the less there is unmeas- 
ured area left. If the whole section is covered, the estimate is no 
more an estimate but a measurement and, thus, has no sampling 


variance. Therefore, it is plausible to multiply formula (25) with a 


° ae . ° a : 
finite multiplier, in this case preferably 1 ——° where a is the area 
a 


of the section and ay the area already sampled. 


Formula (25) involves a rule of a suitable magnification; the size 


of the field should be so determined that differences in x between 
grids remain small. This is generally: the case if the field is large as 
compared with the configurations on the section. This rule in mind a 
visual inspection will give an idea of the optimal magnification. The 


rule represents a special case of a general rule which can be ad- 


vantageously applied to many histological problems. This rule es- 


tablishes that if the sampling units are totally measured (as here he 


grids) it is profitable to form the units so that they are internally 
heterogeneous and externally homogeneous, i.e. so that the varia- 
bility between the units is rather small. >. 

In systematic area sampling in which the section is covered 1 with 
visual fields at equal distances, application of equation (25) will lea 
to overestimation of the sampling variance, if s*(x) is calculated 
all the section, A plausible Pee for Caekey A in this 


Then 1 the following formula i is applied: 
2 
ia) = = 4s oe 


ro 
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Fig. 15. A square-ruled network superimposed on a thyroid section for obtaining 
relative area estimates. Either the small squares are counted more than half- 
filled with the tissue whose relative volume is to be estimated, or the number 
of intersection points falling on this tissue is counted. Denoting epithelium with 
E, colloid with C, and stroma with S the following two results are obtained: 


From points From small squares 
CCCESSCCESE CCCESECCSE 
CcCCcCCcCSECCESE CCCESESESS 
CCCCESEESES CCCCSSESEE 
ECCCESSSECC ECCESSSSEE 
SECCESESSES -EEEESEESSS 
SSEESECESSS SSSSSECEEE 
EESSSECCEEE EEESECCCCC 
ECEESECCCCE CCESSECCCCE 
ECCESSECCCC ECCESSECCC ‘ 
ECCCESSEECE ECCESESEEE 
ECCCESESSEE 

C 34 or 34% 
C 44 or 36.4 % E 38 or 38% 
E 44 or 36.4% S 28 or 28% 


S 33. or 27.2% 


where d is difference between x-values in two neighbouring fields 
and n’ the number of such differences. The variance s*(p) is then 
obtained by multiplying the value given by equation (25) with the 

finite multiplier as above. 
_ Approximate area estimates frequently accurate enough can be 
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obtained without planimetric measurements. One way of approxi- 
mating the areas is to insert a square-ruled network in the ocular 
and thus divide the field into small units (Fig. 15). If two kinds of 
tissues are present, the estimation is done by counting those small 
squares which are more than half-filled with the other kind of tissue. 
If the number of small squares in the network is 100, the approxi- 
mate percentage is then directly obtained. When this method is used, 
an additional variance component is introduced due to rounding off 


in those small squares, where both kinds of tissue are present. This 
2 


POEL, 
12 
not completely covered with either kind of tissue and h the area of 


variance amounts to , where m is the number of small squares 


each small square. This variance is to be added to the variance due 
to area sampling between fields. 

In practice, estimation of the variance in this way would be — 
cumbersome, and other ways are given later for practical purposes. 
The above-given formulas are nevertheless of interest from the point 
of view of understanding the sampling process and of design of 
suitable sampling methods. 

It may be good to mention already in this connection that the 
same network which just was found useful for making area estimates 
by examining the small sub-squares can also be used for making area 
estimates by point sampling (see page 67). In this case, the inter- 
section points are examined. An intersection point which happens to 
be on, e.g., colloid, is denoted as a “hit” on colloid. Hits on the 
different tissue components are then separately counted, and the 
proportional area is accordingly estimated as in Fig. 15. 


Line Sampling. 

Estimation of relative areas in tissue sections is possible without 
any area measurements at all. Methods in which the area measure- 
ments are replaced by length measurements or by counts have long 
been used in agriculture and geography (Yates, 1949). Such estima- 
tion methods are fortunately equally applicable to the study of tis- 
sue sections. 

Line sampling (Uotila and Kannas, 1952) is done by throwing 
lines over the section and by measuring the various intercept lengths 
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as shown in Fig. 16. In practice this can be done on a projected 
image of the section or, automatically, with a scanning device 
(Fig. 17, see also page 82). The slide is continuously moved by a con- 
stantly running synchronous motor, whose revolutions are recorded 


WET 42.2%. 
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Fig. 16. Estimates of relative volume obtained with line scanning, IFT, intrafolli- 
cular tissue; EFT, extrafollicular tissue; E, Epithelium. 
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Fig. 17. A mechanical scanning device giving automatically the total length of 

the scanning line (the reading of the revolution counter, RC;), the summed 

intercept length (the reading of the revolution counter, RC»), and the number 

of intercepts (the reading of the counting relay, CR). C, condenser; F, filter; 

ID, iris diaphragm; M, microscope; ML, microscope lamp; S, slide; SM,, syn- 

chronous motor moving the slide; SM2, synchronous motor running when light 
is falling on the photocell, PC. 


by means of a revolution counter. When one kind of tissue is stained 
and the rest of the section unstained, the intensity of light in a 
small area of the visual field indicates which of these two kinds of 
tissues is in this area. When the intensity of the transmitted light 
is high, i.e. when the unstained tissue is in the field, the phototube 
-closes a relay and another synchronous motor will run. The total 
number of revolutions run by this motor is a measure of the length 


Eranké 5 
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of the line passing through the unstained tissue and the number of 
revolutions run by the slide-moving motor gives the total length. 
When there are several kinds of tissues which can selectively be 
stained with different colours they can be differentiated in the same 
way by using several phototubes with suitable filtres (Fig. 18). 


Fig. 18. Two methods for use in the scanning of three different kinds of tissue. \ 

In both, two phototubes are used, fitted with appropriate filters. In the ar- 

rangement on the left the light beam is divided into two beams by the use of. 

a semireflecting mirror. In the arrangement on the right the light is diffused 
oats, an opal glass. 


Let n be the number of lines‘on the section, x the summed inter- 
cept length and y the total length of each line. The relative area of 
the tissue over which the intercept lengths were measured is then 
estimated by E — |: 


(27) ae: es 


kets obtained: 


Pat) 


sy) a, 
Si xx 


i (28) sp) = : . 


n 


5 


For actual estimation, s°(x), s°(y), and rz should be caleu 


- from all values of x and y, when the lines are thrown ov’ 


tion purely at brandon, : 


a 
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effect of large r. Generally, if the specific surface appears in islets 
small as compared with the length of the lines, r is likely to be near 
to unity, whereas if the surface appears in large bulks, the correla- 
tion is likely to remain small. Therefore, in the latter case more 
lines are needed than in the former. 

If there are no great topographical differences between the dif- 
ferent parts of the section, a crude estimate of the section variance 
can be quickly obtained by 


2 (pp) 


(28a) s*(p) = n—1l 


? 


, x ° 5 : 
where p stands for for one line. This approximate formula pre- 


sumes further that the length of the lines is nearly constant. 

In systematic line sampling, in which parallel lines at equal inter- 
vals are used, the estimates of s(x) and s*(y) should be calculated, 
not over all the section, but from differences between the values of 
x or y in subsequent lines, using formula (26) in the same way as in 
area sampling. 


Point Sampling. 

Measurements are completely replaced by counting in point 
sampling (Chalkley, 1943; Lagerstedt, 1949; Attardi, 1953). In purely 
randomized point sampling one point is fixed in the visual field by 
attaching a hair cross in the ocular. The visual field is then moved 
by setting each time randomly selected coordinates on the vernier 
scale of the slide holder (apparently randomized selection by moving 
the slide without any rule is subject to bias). When the relative vol- 
umes of, say, the nuclei, nucleoli, cytoplasm, blood vessels, etc. are 
to be estimated, the number of hits on these are counted. Let m out 
of n points thrown of the section hit on nuclei. The estimate of the 


relative volume of nuclear tissue is then 
n 


(29) pH: 


If the points are thrown purely at random the sampling variance of 
m is estimated by 
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(30) s*(m) — n*p(l—p) : 
n—\l 


As n is conveniently kept constant, a simple formula is obtained for 
the variance of p: 


p(l—p) 


(31) s*(p) = at 


In systematic point sampling the situation is again different, the 
sampling variance of m tending to be smaller than that obtained 
from equation (30). In actual practice, however, formulas (30) and (31) 

‘ can usually be applied for obtaining an approximation of the variances. 

Systematic point sampling in a single visual field is conveniently 
accomplished by using the same square grid as that used for area 
estimation in Fig. 15, page 63. Hits at the 121 intersection points are 
then recorded, and an area estimate is obtained. Throwing several 
such grids on the section by moving the slide in a randomized way _ 
or at equal intervals results in a combined point and area sampling. __ 
While one component of the sampling variance, i.e. that in each field, 

Hy obeys rules applying for point sampling, the other component, be- 
' tween fields, can be estimated with the formulas given for area 
t sampling, (25) and (26), pages 61 and 62. ~ 

: The practical value of the formulas above lies i in that 

a) they show how to calculate the standard error of an estimate, 
the standard error being the square root of the variance, —_— 

_ b) an investigation of the formulas reveals the main sources of 
variation thus enabling us to make an optimum or nearly optimum 
design of sampling and measurement. . MSR = 

In many practical situations the calculations involved in - the 


above formulas will not be performed, because there are also ot ler 
sources of variation present. Therefore, the formulas mainly serve 
as indicators as how to approach an optimum design. 


Practical Estimation of Sampling Variance. 
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work. Therefore, other estimation methods may prove more eco- 
nomical and convenient in use. Indeed, in many cases it is likely 
that to replicate the samples is easier than to enter the cumbersome 
procedure of exhausting all information contained in one sample. 
For example, in line sampling the sample from one section consists 
of a number of constant-interval lines, differences between which 
can be used in variance estimation as described above. It may well 
happen that it is easier to take another sample (or three or more 
of them) on each section and record another series of sample esti- 
mates. The variability and thus the sampling variance can now be 


assessed exactly in the same way as described in connection with . 


the error of method (see page 23). Simply, the error of method is to 
be considered identical with sampling variability. Thus, only the 
section estimates of relative area (or any characteristics) need to be 
recorded together with their duplicates, triplicates, etc. At first sight 
it might be thought that duplicates are not enough because only two 
“observations” on each section are obtained. However, a close study 
of the method of determining the error of method reveals that 
whenever the number of sections is not negligible, the error of 
method or, in this case, sampling variability can be estimated rather 
accurately. To take triplicates increases the precision considerably 
(Fisher, 1950). 

Further information can be derived by recording the results for 
each line separately. If this is done, one obtains an idea of how the 
sampling system behaves statistically. In particular, it is then pos- 
sible to make such alterations in the sampling methods that an op- 
timum design is obtained: sometimes e.g. the intervals of the lines 
can be made larger without loss of accuracy, sometimes quite other 
designs may be indicated. Such studies, however, generally require 
close statistical control, whence it is advisable to consult experts. 
For details of applications, see Snedecor (1946), Yates (1949), and 
Fisher (1950). 


A Warning for Systematic Sampling. 

In spite of complications involved in calculating the random er- 
' ror, systematic sampling is generally to be preferred to pure random 
‘sampling. However, there is an important exception: 
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If there is any periodicity in the material, systematic 
sampling should not be applied unless the method can be 
guaranteed to be independent of this effect. 


For example, muscular tissue contains long largely parallel 
muscle fibres, and systematic line sampling is dangerous if the lines 
are parallel to the fibres. However, if the lines are put at an angle 
to the fibres, the effect is likely to be eliminated. Point sampling 
may be dangerous anyway in this case. 


Subdivisions of Variance. 


Above, the variance within sections was concerned. In actual 
practice, however, there are several sections to be investigated, and 
the aim is to obtain an estimate of, say, a gland. Let M be the num- 
ber of a complete series of sections from the gland, m being the 
number of sections actually investigated. A gland estimate of the 
proportional area will then be based on these m sections so that 


(32) Py (not p= —"!) 
yi m 


the subscript referring to any section i. In estimating the variance 
of the gland estimate p, formula (18) (page 60) can again be applied, 
noting that 


(33) s*()) xi) = ms*(xi), 


where s°(x;) can be estimated from the material as the variance be- 
tween the section totals. Similarly for y. However, the m sections are 
a sample from a finite population of M sections, wherefore formula 
ar 17 This holds 
for the case that the sections are a pure random sample from the 
totality of all sections. If they have been selected systematically, say 
every third section or so, then s°(x;) should be estimated by means 
of differences of the totals of neighbouring sections as described in 
connections with formula (26), page 62. 

Without going into the details (for which see e.g. Yates, 1949, 
and Deming, 1950), it must be pointed out that generally the vari- 


(33) is to be multiplied by the finite multiplier 
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ance of a gland estimate is composed of two terms, viz. one due to 
the average variance within sections (i.e. the average variance of the 
section estimates), and another due to the variance between the sec- 
tions. The relative magnitude of these two effects in every particu- 
lar case gives an idea of optimum design. 

Finally, if a group of k animals have been treated as above, an 
estimate of the general relative area is required. It is obtained by 
adding both x’s and y’s over all animals and dividing. However, it 
must be emphasized that when the variances within animals are ap- 
proximately equal—as usually is the case—it is more adequate to 


ee 


estimate the relative area by a . The variance of such an estimate 


is again composed of two parts, viz. the variance within animals, i.e. 
the average animal variance, and the variance between animals. In 
many practical situations the quantitative techniques are accurate 
enough to keep the variance within animals small as compared with 
the variance between animals. In such case the variance can satis- 
factorily be estimated from the animal totals. The general formula 
(18) again applies. Note that no finite multiplier is introduced be- 
cause the animals treated must be considered as a sample from a 
population of infinitely many animals. 


Correction Formulas. 


If a volume estimate has been done on the basis of the area pro- 
jected on the plane of the slide, an error is introduced unless the 
borders between different tissues are perpendicular to the plane of 
the slide. This error can be avoided by using very thin sections or 
optics with a short depth of focus but it may be considerable when 
the relative volume of tissue particles is estimated in sections whose 
thickness is of the same magnitude as or exceeds the diameter of 
the particles. This is frequently the case when the relative volumes 
of particles such as nuclei and nucleoli are estimated. The values 
obtained can of course be used without correction and, as shown in 
Lagerstedt’s (1949) work, valuable results may still be obtained in 
comparative studies. Correction is nevertheless easily done and 
guards against false conclusions. 
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Consider a tissue section of thickness a containing spherical par- 
ticles of radius r (Fig. 19). The area in the section plane covered 
by each whole particle in the section is then ar*. Now, if a volume 
estimate is done by multiplying this area with a, a volume of azr’ is 


| 8 
ascribed to each particle although the real volume is ai +» Similar 


volume is also estimated for a particle of which only o one half is in 
the section. A gross error will obviously arise in thick sections. Such 
an error may lead to particularly distorted results when the relative 
volumes of large and small particles, say nuclei and nucleoli, are 
simultaneously estimated. - 


2G 


Fig. 19. Spherical particles with diameter r in a section with thickness a. The * 

height of the smallest visible fragment is denoted with k, and the corresponding 

i horizontal diameter with Tr. See text, 2 

$ It can be shown that a correct estimate of relative volume is ob- 
tained by multiplying the estimate of relative projected area wit th a 
correction factor given below. If the specific projected area is A 


and the total area sampled A, then the real volume of erage : 
tissue in proportion to the total volume sampled V, is 


A Se 
eer saves oe | 
VY + 4r + 3a | Ay ; 


(34) 


mG. 

This correction applies, however, only when all fragt mee 
ibe particles can be recognized in the section. Especially 
measurements this is not always the case, thin nuclear cap 
notice. The following formula must then be used 


Ke 4r® + 3ar® — 6rk® + 2k Ay’ 
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, ‘Be nbferved. The value of k can be approximated by measuring the 
4 horizontal diameter (2 r;) of the smallest fragments visible in the 
section and applying the following equation 
Poin r= (r+ 7} 


As it is difficult to know what is the smallest fragment still visible, 
k is better estimated by a method to be described later (page 77). In 
strongly stained small particles & is small and can be neglected. 
_ When comparative measurements are done, formula (35) may mostly 


4 
} - be replaced by formula (34). 


CHAPTER VII 


Counting, Sizing and Various Quantitative Criteria 


Introduction. 


Estimation of relative volumes as described in the preceding 
chapter is certainly in many cases useful for assessing the state of a 
gland or organ. Nevertheless, many other characteristics can be 
measured which may prove equally or even more valuable indicators. 

When the relative volume of a tissue is shown to increase during 
an experiment, it cannot be known whether this relative increase is 
connected with an absolute volume increase. Considér, e.g., the 
pancreatic islets. A relative increase in the volume of the islet tis- 
sue will occur not only when the absolute volume of the islet tissue 
increases, that of the exocrine part being unchanged, but also when 
the absolute volume of the islet tissue is unchanged but the exocrine 
tissue atrophies. The biological meaning of the observed change is 
distinctly different in these two.cases. They can be differentiated 
by estimating the total volume, which for all practical purposes is 
sufficiently accurately done by weighing the gland. The absolute 
volume can then be estimated. Errors due to different specific gravi- 
ties in the two kinds of tissue are very unlikely to affect significant- 
ly the estimates of changes in the absolute volume. 

Even if it thus can be seen whether the absolute volume of the 
endocrine tissue has increased, decreased or kept constant during 
the experiment, other information may be needed. An increase in 
the volume, e.g., may be due to an increase in the size of individual 
islets, to an increase in the number of islets, or to both. Further, 
some islets may increase their volume more than the others, and the 
form of the islets may be altered. The interpretation of the recorded 
changes may be essentially influenced by factors like these. 

Similar considerations apply to individual cells. Ratio of the 
volume of the nuclear protoplasm to the volume of the cytoplasm 
is without doubt a valuable measure but much additional informa- 
tion can be obtained by measuring the volume of individual nuclei 
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and by counting the number of nuclei in a unit volume of tissue. In 
this way, it is possible not only to analyze the size-frequency dis- 
tribution of the nuclei but also to obtain another estimate of the 
relative volume of the nuclear tissue. 


Counting in Diluted Homogenates. 


Counting of erythrocytes is one of the earliest applications of 
quantitative methods on histology. As is well known, it is done by 
diluting a small sample of blood in known proportion with some 
isotonic fluid and by counting the number of cells per unit area in 
a chamber of known depth. Exactly the same method can be used 
for counting other cells. As the dilution, the thickness of the layer 
of diluted blood in the chamber and the area in which the cells were 
counted are known, the number of cells in cu.mm. of blood is easily 
calculated. 

The same method can be applied also to firm tissues. A piece 
of tissue is first weighed. It is then homogenized in some suitable 
fluid, e.g. in M/2 sucrose solution. The homogenate is diluted to a 
known volume, thoroughly mixed, and the number of, say, nuclei is 
counted in the normal way in the counting chamber. As mentioned 
earlier (page 37), the homogenate can be fractioned by differential 
centrifugation. By isolating pure fractions of nuclei, of various types 
of cytoplasmic granules, etc. chemical analysis of each constituent 
can be done conjointly with counting. Moreover, the homogenate 
can be used for measuring the size or stainability of individual par- 
ticles. 

Poisson distribution has been observed to apply to counts ob- 
tained in a haemocytometer (Fisher, 1950) and the variance is there- 
fore equal to the number of counts. It is mostly preferable to count 
the number of particles in several square areas filling the field of 
vision and large enough to include some 50 to 100 particles per area. 
To avoid counting twice the same particle this area should be di- 
vided into 16 (4 X 4) to 100 (10 X 10) smaller squares. When the 
number of particles is large per selected unit of area this number 
is distributed nearly normally (see page 15). As the whole count can 
be thought to be composed of several sub-counts distributed accord- 


‘ing to Poisson, it is nevertheless justified to estimate the variance 
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equal to the total count. Suppose that the number of, say, nuclei in 
5 squares, each divided into 100 sub-squares, is 2125. The variance 
then is also 2125 and the standard deviation |/ 2125 = 46 = 2.2%. 
It is wise to determine the actual standard deviation by double 
counts (see page 23). If it deviates much from 2%, something 
is wrong in the counting system. By counting the number of par- 
ticles in each small square one may actually test whether the Poisson 
distribution applies, which may be a useful check when nonhomo- 


geneity in the particle distribution can be expected to interfere. 


The crucial factors in the counting are the homogeneity of the 
sample and the accuracy of the dilution. The depth of the layer of 
fluid in the counting chamber must naturally be strictly constant 
also. The square ruling may be either in the slide itself, as is usual 
in the haemocytometer slides, or it may be inserted in the micro- 


scope ocular. Manually operated mechanical tally counters are of. 
great help in all counting operations. For possibilities of approxima-_ 


tion of particle number with photometric measurements, see page 95. 


Counting in Tissue Sections. 


Measurements in sections allow a close study of the topographic 
relations between different cells and cell constituents, which is not 
possible in homogenates. Furthermore, not all tissue units survive 
the homogenization. Histological specimens must be used in such 
instances, e.g. in estimating the number of particles such as glo- 
meruli in the kidney or Langerhans islets in the pancreas. a 

On the other hand, besides whole particles their fragments are 
present in tissue sections. The number of the fragments in propor- 
tion to the number of whole particles increases when the section 
thickness decreases. When the tissue thickness is lower than the 
diameter of the particles only fragments are present. The actual 
number of particles per unit volume is thus always smaller than the 
number obtained from sections. In case the particles are rando y 
distributed and spherical the following formula can be used to ob- 
tain the correct number (F loderus, 1944): | Rai 


an 


NS G+ or 2k 


% 


See ene ee . is 


Counting in Tissue Sections el. 


where N is the real number of particles in each cu.mm. of tissue, a 

the section thickness (4), r the radius of the particles (u), k the 

vertical height of the smallest fragment which can be observed (), 

and n the counted number of particles per each cu.mm. of tissue. 
Formula (37) can also be written in another form 


, 
nm 


Aa8) Nie at: 2r— 2h? 


where n’ is the number of particles per 1000 sq.mm. tissue 
counted. The value of k is best approximated by making counts in 


eee of different (known) thickness and by setting Ene = 
2 : ' 
se aye (See also formula (36), page 73). Some interesting facts 


can be seen from formula (38). First, when a is large as compared to 
2r, N can be approximated by oe i.e. the fragments can be neglected. 
On the other hand, supposing that a is constant and that r is subject 
to variation, the error in estimating N due to this variation sharply 
increases, if the ratio an is increased above 1. This could seemingly 


be taken to indicate that counts should always be done on as thick 
sections as possible (the section thickness cannot, of course, be in- 
creased so much that the particles will be in two layers). However, 
this applies only, if the section thickness can be accurately con- 
trolled. If this is not the case, and the particle diameter is fairly 
constant, it is better to do the counting in sections thin as compared 
to the particle diameter. This can be illustrated with a simple example. 

Suppose that spherical particles of uniform diameter 20 “ and 
their fragments are counted in a section 100 wu thick, the value of k 
beeing 2. Let the total number of counts per 5 sq.mm. be 1000. 
Then the real number of particles per cu.mm. of tissue will be 
00-204 ae , Or, as n= em = ae ~~ 1724. Now 
suppose that the section thickness had been erroneously estimated 
20 % below the real value, at 80 w. Then, the estimate of N will 
: he _ 200000 


paces 2083 or some 21 % above the true value. 
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Let us then do the counting in a section 5 uw thick. Then the total 
count in 50 fields, each of 1 sq.mm., would be, say, 1810. Then N = 


AB LOS L000. ~ 1724. Let the section thickness be falsely estimated 
50(5 + 20 — 4) 

t 20.% below the t alue. Then N is obtai 2- 
a @ below the true value. n NV is obtaine ~ 50(4+20—4) 


1810 or only some 5 % above the true value. Even if a is put at 
50% of the true value, the calculated value of N is 1957 or only 
14 % higher than the true number. This is the more interesting as in 
a homogenate where no fragment error is present, a 20% error in 
the specimen thickness always causes a 20 % error in the count. 

Thus, selection of the tissue thickness must in each case be done 
separately with due regard to the specific circumstances. When high 
magnifications are used, it is good to remember that the effective 
thickness of a section can never exceed the depth of focus of the 
optics used, no matter how thick the section is. This fact may be 
used to eliminate the error due to variations in the section thick- 
ness. 


Estimation of Particle Size. 


The size of particles can equally well be measured in diluted 
homogenates, in smears, and in sections. Indeed, size measurements 
are necessary in sections before correct counts can be calculated ac- 
cording to formulas (37) or (38). The volume can be estimated from 
the diameter, if the particle is nearly spherical. In homogenates of 


sufficient thickness to allow the particles retain their spherical form, 
8 


‘and in sections the volume is obtained as . In smears the true 


volume of a particle—flattened in the smear—is proportional to 
something between the 2nd and 3rd power of the diameter. The vol- 
ume of elongated particles can be approximated by measuring two 
diameters (say a and b) perpendicularly to each other and by esti- 
WES 
6 
are, however, subject to errors difficult to assess, as only one pro- 
jection of the particle in one plane is available for examination. For 
instance, the volume of a rotation ellipsoid with respective diameters 


mating the volume at . Size measurements in elongated particles 
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anes 


ellipsoid is perpendicular to the plane of the section, the volume is 


10 and 20 wu is ~ 1000 cu.u. When the long axis of such 


4 wl 
estimated at 


6 
applying different specific correction formulas for the estimation of 
the volume of tissue particles of different form in sections or homo- 
genates unless their orientation is taken into consideration. The er- 
ror discussed can be diminished by measuring only particles whose 
long axis is in the plane of the section (see Timonen, 1950). 

The diameters of the particles should be measured in sections of 
about the same thickness as or thicker than the particles. This is 
necessary, because reliable information of the particle size and orien- 
tation can be obtained only from particles whose centre is in the 
section. That the center is in the section can be made sure by elevat- 
ing and lowering the microscope objective. If the diameter of the 
particle first increases and then decreases, the center is in the sec- 
tion. The largest cross-section of each particle is then measured. 

Measurement of particle diameters by means of an ocular micro- 
meter is usually cumbersome. It is more convenient to draw the 
magnified image of the largest cross-section of each particle as de- 
scribed earlier (page 54). Alternatively, direct measurements can be 
carried out on a projected image. For statistical analysis, the size- 
frequency distribution is studied along the lines drawn in chapters I 
and XI. If the class limits can be given before the measurements, 
time can be considerably saved by using a reference series of circles 


~ 300 cu.u. Therefore, there is little sense in 


of different sizes, representing the class limits, and by simply count- 
ing the number of particles falling into each size class. This method 
has been used already in 1889 by Malassez. The number of classes 
required is dependent on the form of the distribution curve, curves 
with two or more tops needing a relatively large number of classes. 
This, on the other hand, makes a large number of observations 
necessary (see page 12). If the particle size is known to be e.g. log- 
normally distributed, a quick approximation of the size can be ob- 
tained by measuring the largest particle and the smallest particle of 
_ the sample and by estimating the total number of particles that could 
‘ have been measured (see Leigh-Dugmore, 1954). 


we 
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Randomization is urgently necessary in selecting the particles to 
be measured. Although a subjective step is always necessarily in- 
cluded in the selection of particles with the center in the section, 
bias is avoided by moving the slide after a random start (see page 18) 
at equal intervals. Every particle should be characterized by a 
uniquely determined point, e.g. the “most northern” point. If the 
characteristic point of a particle falls within a defined area in the 
visual field, the particle is included in the sample. If the center of 
a particle selected in this way is not in the section, the slide is 
moved again. When measurements are done on both spherical and 
elongated particles, a bias is easily introduced, as more elongated 
particles must be rejected than spherical ones. Such an error can be 
corrected if the ratio (longest axis/shortest axis) of each particle is 
measured. 

When a size-frequency distribution curve based on a sufficient 
number of measurements is available and the number of particles aarp 


per unit volume of tissue has been estimated as described earlier in 
this chapter, an estimate of the relative volume of the particle tis- 
sue is obtained. It is useful to compare this estimate to another one 
obtained as described in chapter VI. Thus, overlooked sources of 
error can be detected. 


Simultaneous Counting and Sizing of Particles. we 


Timbrell (1952) has described an ingenious method for rat: 
taneous measuring and counting of microscopic particles. The image 
of the microscopic specimen is made to oscillate by means of a mir- 
ror. Light is allowed to pass through only when the image is in either 
of the extreme ends of its travel. Particles with a diameter smaller 
than the oscillation amplitude are » then shown as double noi cam 


ecioltinde i oh This overlapping area is dark, and wee co 
the number of dark areas at a given amplitude the number o 
ticles with a diameter larger than this amplitude is obtaine 
repeating the procedure at different amplitudes a cumulative 
frequency curve can be designed. | : 

saa 20 oa an err is pelsicite can be used we 
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tions of particle sizes in photographic negatives. The light from the 
microscope (M) is passing through a disk (CD) on an aluminized mir- 
ror (AM), and the image of the specimen is projected on the screen 
(S). An electric motor (EM) rotates the disc and the cams (C) in a 
rotary shaft controlling a loudspeaker coil (LC) which in turn moves 
the mirror. One half of the disk is coloured red, the other one green. 


5 


Fig. 20. A device for counting and sizing. For use see the text. AM, aluminized 
mirror; C, contactors; CD, colored disk; EM, electric motor; LC, loudspeaker 
coil; M, microscope; S, screen. 


The rotary switch generates a square wave so that the mirror is at 
the one end when the light passes the green half and at the other 
end when the light passes the red half of the coloured disk. Particles 
which transmit light in the negative appear red at one end, green at 
the other and the overlap is bright yellow. When counts are done 
on microscopic specimens with light-absorbing particles, the disk 
can be omitted. The amplitude of the mirror movements is con- 
trolled by means of a rheostat in series with a battery. 

The described method is particularly serviceable in sizing and 
counting of strongly stained small particles. The actual counting can 
be done visually with much less labour and eye strain than with the 
methods described earlier in this chapter. Using this principle, auto- 
matic counting by means of properly designed electronic phototube- 

‘magnifier-filter-counter circuits is also possible. 


Erank6 6 
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Automatic Scanning Methods. 


The problem of measuring the number and size of jaleroseepie. 
particles is not limited to biology. It arises also in numerous branches 
of industry, in geology, etc. As visual counting methods are tedious 
and subject to bias, several groups of investigators in different fields 
have contributed to research for finding adequate automatic count- 
ing methods. Walton (1952) has reviewed recent results obtained in 
such studies in Great Britain. Several ingenious devices have been 
designed capable of automatically giving the size-frequency distri- 
bution of particles. All of these counters are complicated and most 


i of them make use of the recent advances in electronics. Still, the 
ie underlying principle is simple in most of them. 

The specimen is scanned with a light spot moving progressively 

' over the field or of a representative part of it. The changes in the 

‘a intensity of light caused by the particles, or the intercept lengths, 

, are recorded. Thus, the basic principle is related to that of the line ; 
sampling, and any of these apparatus can without difficulties. esti-- 


mate automatically the relative area covered by particles. Difficul- 
Pt ties arise in the estimation of particle number and size. If the scan- 
; ning line is broader than individual particles, two particles close to 
; each other may be counted one. If, on the other hand, the scanning 
7 lines are very thin and close to each other, two adjacent lines may 
: hit on the same particle, and falsely high number of particles is ob- 
' tained. The errors thus arising have been compensated for by the 
simultaneous use of two scanning systems in compensatory circuits 
or by electronic “memory systems” (see also Hodkinson, 1953; Jor- 
danides and Chamberlain, 1954). 
Different arrangements are possible for moving the scanning 
spot in relation to the specimen The specimen itself may be m ved, 


¥ 


the image of the specimen is scanned pois an electron emul 
cases a Pectpmulsplicr, cou is a suitable detector o 
page 130). 
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dom over the whole area, the intercept-length distribution can be 
used for calculating the size-frequency distribution (Hawksley, 
1951). When the particles are variable of shape and they are not 
randomly distributed, other methods must be used for obtaining the 
number and size of the particles, as the distribution of the intercept 
lengths is essentially influenced by the form and distribution of par- 
ticles. Use can be made of this fact in the converse sense. 

Thus, if some tissue is very irregularly distributed, say, in a 
gland, it may be difficult to describe its structure in an adequate 
way. By scanning the tissue with parallel lines and by studying the 
distribution of the intercept lengths, an empirical line criterion is 
obtained of the topographic pattern which enables quantitative 
comparison between two glands. Useful information can be obtained 
in this way, although the data derived may seem to have little bio- 
logical meaning. Actually this kind of criterion is dependent on many 
properties of the tissue at the same time and may therefore prove | 
sometimes even more sensitive indicator of experimentally induced 
changes than some “more sensible” criterion. 

An area criterion can naturally be obtained in an analogous way. 
Grids of equal size are thrown over the specimen at equal intervals 
and the areas of the specific tissue are measured in each grid. Distri- 
bution of these areas can then be used as an empirical indicator of 
the state of the organ. As the grid size is one parameter in the dis- 
tribution, it must be kept constant in comparative studies. 

Both these criteria are one kind of metameters of the properties 
of the specific tissue. The use of such metameters can equally well 
be applied to individual particles. Thus, instead of measuring the 
size accurately (i.e. by planimetric measurements of a complete 
series of thin sections) size metameters can be used. A few size meta- 
meters are enlisted: 


a) largest diameter of the particle, 

b) mean diameter of the particle, 

c) diameter of the particle in a given direction, 

d) product of two orthogonal diameters, 

e) area of the smallest circle drawn outside the particle, 
f) circumference of the particle, 


g) area of the largest circle drawn inside the particle. ~~ 


Metameters 85 


The above metameters refer to the area of the particle projected on 
the plane of the microscopic slide. If the particle is a sphere, all of 
these metameters uniquely define the size of the particle but if the 
shape of the particle is non-spherical, one of these metameters is in 
each individual case better indicator of size than the others. Thus, 
the form of the particle determines the choice of the metameter. 

This fact may be utilized in aiming at quantification of the form. 
Several form metameters can be used in this sense. To list a few: 


a) ratio maximum/minimum diameters, 

b) ratio outside circle radius/inside circle radius, 
c) ratio circumference/area, 

d) ratio surface area/volume, 

e) number of “gulfs”. 


Of these criteria a) and b) may be useful, when the particles are 
ellipsoidical, in which case the others of the mentioned criteria are 
of little use. On the other hand, criteria c), d), and e) can be in- 
formative when the shape of the particle is very irregular. The ir- 
regularity of a particle may be a biologically important measure, the 
ratio surface area/volume being of great significance in the transfer 
of substances from one tissue to another. An example of the use of 
the number of gulfs as a criterion is given later (page 147). 

The study of certain distances may sometimes be of interest. Thus 
it is well known that the position of the nucleolus in the nucleus of 
a nerve cell tends to acquire an excentric position when the cell is 
active (see e.g. Hydén, 1943; Eranké, 1951). The position of a nucle- 
olus in a nucleus can be defined by an excentricity ratio. Let R be 
the radius of the nucleus, r the radius of the nucleolus, and a the 
distance of the centre of the nucleolus from the centre of the nucleus 
(Fig. 22). The excentricity ratio is then 


(39) | E=- 


Ra=7 ‘ 

airies Now, the line between 
the two centres is not always in the plane of the slide, wherefore the 
‘nucleolus may in some cells seem in the microscope to be in the 


Maximum value of E is, of course, 
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Fig. 22. See text. 


centre of the nucleus, although all nucleoli would actually be at- 
tached to the nuclear membrane. Let a’ be the horizontal distance 
between the centres of the nucleus and the nucleolus. Then a = a 
cos ~, where ¢ is the angle shown in Fig. 22. Then the mean true 
excentricity ratio can be shown to be 


wy Ts 
(40) (HG args 
2n 
where n is the number of observations. 

Several other morphological properties of tissues could be ex- 
emplified in which quantification is possible, such as orientation of 
fibres or particles, lengths of secretory tubuli, etc. Once the quanti- 
tative approach is accepted, optimal ways of quantification can be 
found in each specific problem without difficulties. We will there- 
fore avoid serving the old wine in a new bottle again and turn to a 
new aspect, the light absorption of tissues. : 


me Ou 


CHAPTER VIII 


Absorption Measurements 


General Principles. 


Principles of absorption photometry, as developed by chemical 
investigations, can be applied to quantitative microscopy of tissues. 
Pertinent handbooks such as that by Lothian (1949) and that by 
Mellon (1950) may be consulted by the interested reader for fuller 
information. 

Quantitative spectrophotometry is made possible by the fact that 
the proportion of light absorbed by a solution is dependent on the 
concentration of the absorbing substance. The concentration can 
accordingly be estimated by measuring the magnitude of the ab- 
sorption. 

Besides the concentration of the light-absorbing material many 
other factors influence the amount of light absorbed by the solution. 
These factors are 


a) chemical composition of the substance, 

b) wavelength of the light used, 

c) thickness of the absorbing layer, 

d) monochromacy of the light used (width of the waveband), 
e) light-diffusing properties of the medium, and 

f) homogeneity of the absorbing substances in the medium. 


In chemical analysis the solutions to be measured are usually 
clear. Furthermore the substance in solution is always evenly dis- 
tributed in the medium. Thus, problems due to light refraction and 
uneven distribution of the absorbing substances are avoided. This is 
rarely the case in tissue sections. In other respects, knowledge 
accumulated by chemical investigations can be directly applied to 
quantitative analysis of tissue sections. In the following treatment of 
the subject, factors influencing the light absorption in clear solu- 


_ tions will first be discussed. 


— a 


_ which the light passes. —— 
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Lambert’s Law. 


The proportion of light absorbed by an absorbing layer is not 
influenced by the intensity of incident radiation. This is Lambert’ 8 
law, and it can be expressed by the following equation 


(41) aN = constant, 

Ih rl, 
where I, is the intensity of light entering and J the intensity of light 
transmitted by the absorbing medium. Let u be a constant depend- 
ing on the absorbing properties of the substance and / the thickness 
of the absorbing layer. Then the constant in equation (41) can be re- 
placed with e~“', where e is the base of the natural loge The 


equation (41) can now be expressed i in the form 


(42) Z I => I,e—## or if = Tio, d q : 

a \ 
where y is another constant. This law has been observed to hold | true: ’ 
in practice if monochromatic radiation is used. | Wenis 


=. 
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Beer’s Law. 

Beer’s law claims that the magnitude of absorption is a function 
of the number of absorbing molecules only, dissolved in a non-ab- 
sorbent solvent. It can be expressed in the following equation — ; 

Pony ; 


(43) deel 105 29 or logs = — Kel, ; — 
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where E is so-called extinction coefficient, c the concentration 0 
substance in the solution, and 1 the thickness of the layer tk F 


is commonly called transmission (t) 


Ir 
Ty 
light and light loss is expressed either in terms of transmissi 
terms of extinction d = — log t, also called density. Then t 
tion ae) gets the ee 


(44) ‘s d=Ecl or c= 
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uring the extinction caused by a solution having a depth |. The value 
of E is first to be estimated by measurements in solutions of known 
concentrations. 

lis usually given in cm. and c in %. Correspondingly E is given 
in terms of % and cm., e.g., E2° 


5cm. 


for each wavelength. 

Beer’s law is frequently valid and it has been extensively used 
in quantitative spectrophotometry. However, deviations from it are 
not few, wherefore the validity must always be checked up empirical- 
ly before application. 


Deviations from Beer’s Law in Clear Solutions. 


Many coloured substances absorb less light at high concentra- 
tions than could be expected if Beer’s law were valid. Numerous 
such examples can be given among dyestuffs commonly used in histo- 
logical staining techniques. To mention one example, thionin, whose 
absorption maximum in dilute solutions is at about 6000 A, shows 
a decrease in the molar extinction to one half, when the concentra- 
tion is increased from 0.0025 M to 0.025 M. This decrease in the 
absorbing properties of thionin at this wavelength is accompanied 
by a pronounced change in the form of the absorption spectrum, 
which manifests itself in a change of the colour of the solution. 

Changes in the light-absorbing properties of substances due to 
changes in their concentration can be ascribed to causes such as 
changes in the ionization of the substances, reversible polymeriza- 
tion, changes in the refractive index of the solution, etc. These 
deviations are likely to be present to a pronounced degree in stained 
sections, where concentrations of dyes are high. 

In addition, the light extinction may be affected by reciprocal 
interaction with substances which in themselves do not absorb light 
at the same wavelength, e. g. with proteins, present in high concentra- 
tions in animal tissues. This fact in mind it may be evident that, 
without direct evidence of the validity, Beer’s law should never be 
expected to hold true in stained sections. 

Beer’s law applies further with monochromatic light only. All 
coloured substances have a characteristic absorption spectrum, i.e., 
the absorption varies with wavelength. When the concentration of 
‘an absorbing substance is increased without altering the depth of 
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the absorbing layer, the extinction increases proportionally at each 
B: wavelength. However, as the corresponding transmission changes are 
different at each wavelength because of differences in the extinction 
coefficients, the total extinction over the whole wavelength range 
does not show an increase in the same proportion as the concentra- 
tion. This waveband error can theoretically be avoided by working 


r with a constant value of Ic. This is hardly possible in tissue photo- 

i metry, however. 

Ay 

* Errors due to Refractive-Index Differences. 

{ In a microscopic specimen of biological material, special difficul- 

' : ties appear because of refractive-index differences in tissues and cells. 

| These difficulties and their elimination in microspectrographic work 
have been extensively discussed by the pioneer in this field, Caspers- 

: son (1950), whose recent monograph is an invaluable guide to every-. 
body interested in photometry of tissue sections. The reader will 

x also find a critical article by Glick, Engstrém, and Malmstrém (1951) _ 


interesting in this respect. | 

The effect of light refraction and reflection is best illustrated by 
an example. Consider a plane parallel cuvette filled with undiluted 
’ blood, the thickness of the cuvette being about 0.5 mm., which is 
i enough to assure an even light loss over the whole area. When a 
| parallel beam of light rays with a wavelength of about 4100 A is al- 
lowed to pass through the cuvette, it will be seen that the intensity 
of light transmitted is very small in comparison to the intensity of 
light entering the cuvette. This can be understood knowing ‘that 
haemoglobin contained in the erythrocytes shows a strong absorp- 
tion at this wavelength. This is not the whole story, however.. __ 

If the transmission measurement is repeated at a wavelength of 
ca. 7000 A, where the light absorption by haemoglobin i is neglig > 


marked reduction in the intensity of the transmitted tight Ifa 
amount of some haemolytic agent is now mixed with the blood 
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cytes, whose refractive index is higher than that of the plasma. A 
similar loss in the intensity of the transmitted light can be demon- 
strated with completely transparent glass spheres immersed in water. 
Any particles with a refractive index higher than that of the sur- 
rounding medium cause a deviation in the direction of the originally 
parallel light rays, and unless all these deviated rays are hitting the 
light-sensitive surface of the measuring instrument an apparent ab- 
sorption occurs. 


Elimination of Scatter Errors. 


As Barer (1952 g) has demonstrated, spectrophotometric absorp- 
tion measurements on erythrocytes can also be done with intact 
cells without the disturbing influence of light refraction. By im- 
mersion of the red blood cells in an albumin solution whose refract- 
ive index is equal to the average refractive index of the erythro- 
cytes, light loss due to reflection and refraction is small enough to 
allow detailed analysis of the absorbing properties of living cells. 
Barer (1953 c) made the very interesting observation that the ab- 
sorption spectrum of erythrocytes as estimated in this way essential- 
ly differs from that of hemolyzed blood. 

The angular intensity distribution of light behind the specimen 
is dependent on the size of the refractile particles, on the wave- 
length of the light, and on the magnitude and sharpness of the re- 
fractive-index difference between the surrounding medium and the 
particle. The light scatter tends to increase with decreasing wave- 
length and with diminishing size of the refractive particles. Factors 
determining the scatter are, however, complex and difficult to pre- 
dict. Selective loss of light because of scatter at some particular 
wavelength is possible although the responsible particles were as 
such completely transparent at this wavelength. Difficulties due to 
light scatter are large in the ultraviolet part of the spectrum. In 
visible range the scatter is usually small and, in most cases, it can 
be further diminished by the use of appropriate mounting media. 
Proper optical conditions are nevertheless obligatory even in the 
visible range. 

In an ingenious way Caspersson (l.c.) was able to produce a grad- 

‘ual change in the refractive index by mounting the freeze-dried 
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section in anhydrous glycerol, in which a gradual swelling of proteins 
at the boundary smoothens the jump in the refractive index. Even 
so, the specimens scattered parallel light rays in so far that 5 % of 
the light was refracted more than 30° from the optical axis. The 
condenser aperture was in actual absorption studies chosen near 10°. 
To be able to collect 95 % of the transmitted light, the angular open- 
ing of the lens must thus be 2 X 40°, corresponding to a numeric 
aperture of 0.85. 

Another way to eliminate the scatter error is to use diffuse light 
instead of parallel light rays for the illumination of the light-scatter- 
ing surface. This method is much used in the densitometry of photo- 
graphic plates. As the light rays enter evenly from all directions 
below the object plane, disturbing images due to refractive-index 
differences disappear and the intensity distribution in different parts 
of the image formed by a lens corresponds to that in the object. This. 
method can be conveniently substantiated also in microscopic work 
by inserting an opal glass immediately below the section, preferably 
by mounting the section directly on the opal-glass surface, in which 
case the light loss is small. At least in visible light the results seem 
promising. Actually this method'is to a certain degree opposite to 
that used by Caspersson. In his technique the specimen is illuminated 
with nearly parallel light rays and the transmitted light is collected 
in an objective with a large aperture, while in the last-described way 
the illuminating aperture is large in comparison to the objective 
aperture. Usefulness of both these methods in the visual range can 
be easily compared by the reader. The advantages for some purposes 
of an opal glass can be demonstrated by examining fairly thick sec- 
tions (say 20 “) mounted in glycerol at relatively low magnifications 
(ca. 300 X). In thick sections a part of the section is below and a 
part above the sharply focused plane, and if the illuminating aperture 
is smaller than, or even equal to, the objective aperture, the image 
is blurred by refraction images from particles in out-of-focus planes. 
Though the use of an opal glass is therefore sometimes preferable to 
Kéhler’s illumination in work with thick sections and low-aperture 
objectives—and this is the case particularly in photomicrography— 
it should be realized that accurate photometric measurements in 
small areas of a single cell can only be done in thin sections and with 
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high-aperture objectives, in which case Caspersson’s arrangement is 
better. 


Other nates of Error. 


Further complications in microspectrophotometry may arise be- 
cause of orientation of molecules (see Commoner, 1949; Commoner 
and Lipkin, 1949) and of anomalous dispersion. As these factors are 
not frequent and as they cause difficulties mainly in the ultraviolet 
region, the reader is referred to Caspersson’s monograph and to 
further references given there. 


Contact Photomicrographs. 


In this connection it is suitable to mention that photographs 
which can be used for spectrophotometric purposes can be prepared 
simply by making a contact copy of the specimen on a high-resolution 
plate. An analogous technique has been successfully used for several 
years for studying the distribution of radioactive substances (radio- 
autography) and of radio-opaque materials (microradiography) in 
tissue sections. To our knowledge the technique has not previously 
been extended to the spectral area of light rays but this can equally 
well be done when proper conditions are fulfilled. To avoid complica- 
tions due to light refraction, diffuse light is used, just as in the 
ordinary procedure for making contact copies. To be able to resolve 
small cell constituents, the section must be very thin (preferably 1 u 
or less) and it must be at close contact with the photosensitive emul- 
sion (plates without gelatin over the emulsion must be used). The 
section is preferably attached on the middle of a quartz glass, on 
which it is, if necessary, deparaffinized, brought to water, coated 
with a thin layer of celloidin and allowed to dry. The dry section is 
tightly pressed on the plate and exposed in the visible range through 
an opal glass and in the ultraviolet region through two ground quartz 
glasses. By exposing under standard conditions with monochromatic 
light at different wavelengths, an idea of the absorption spectrum 
of different tissue and cell constituents can be obtained without 
expensive optics otherwise necessary for work in the ultraviolet. 
Beckman’s photometer may be used as a source of monochromatic 

‘ultraviolet light. 
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Uneven Distribution of Absorbing Materials. 


In histological sections, absorbing materials are rarely evenly 
distributed over the section, and if they are, the use of microphoto- 
metric methods is mostly of little significance. The main advantage 
of these methods is indeed that they make possible quantitative 
estimations of very small amounts of substances in small tissue con- 
stituents. Unless the measurements are carried out on a restricted 
part of the specimen, within which the distribution of the absorbing 
materials is even, special precautions must be taken to obtain correct 
results. | ; 

Let us return to the example of blood photometry again. If the 
thickness of the cuvette is now diminished to 2 4, and the trans- 
mission measurement is repeated at 4100 A, the extinction observed 
should be 2/500 that obtained with a cuvette thickness of 0.5 mm., 
according to Lambert’s law. In practice, however, it will be found © 
that the actual extinction is far smaller than the expected value, 
even if the measurements are carried out after elimination of refrac- 
tion effects and with very monochromatic light. The reason for the 
unexpectedly increased transmission is simply the fact that the 
cuvette has been made so thin that the light is readily transmitted 
through plasma areas not covered with erythrocytes. Depending on 
the ratio (total area covered by erythrocytes/total area across the 
cuvette) variable deviation from Lambert’s law is obtained. Although 
the erythrocytes were completely opaque, in which case a trans- : 
mission of zero would be obtained with any cuvette thickness ex- 
ceeding that necessary to prevent the appearance of “plasma holes” ; 
light would be transmitted with thicknesses below this critical value. 
Indeed the transmission would then be an accurate measure of the 
relative area covered by erythrocytes (cf. chapter VI). With ee 
lyzed blood, of course, no such deviations would be seen. 

By simply applying Beer’s law an idea is obtained of the qua: 
tive significance of this phenomenon. This has been done ear er 


Glick et al. (1951) who calculated the error in the optical density. 
to nonhomogeneity under various conditions. The following | 
ment approaches the same problem from a somewhat differen . 


Consider a layer of blood of the same thickness | as 
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cylinder and that the haemoglobin concentration c is equal in each 
cell. Let E be the extinction coefficient of haemoglobin, the area on 
which the transmission is measured being 1 and a—in this case al- 
ways < 1—the total area covered with erythrocytes. Then, according 
to equation (43) the intensity of light passing through the erythro- 


cytes is 

(45) I, =al,107*4 

and that of the light transmitted through cell-free areas with no 
absorption 

(46) L=(—ah. 

The total intensity transmitted is 

(47) I=1,+1,=1,(1—a+al0-¥*), 

In haemolyzed blood, on the other hand, 

(48) el, 10a eet 

It will be apparent that J+ I’. If - and - have been measured, a 


can be calculated from equations (47) and (48). If further the average 
area of the erythrocytes is known, their number in the field can be 
approximated by two transmission measurements, an application 
which may prove useful in some instances (cf. page 75). 
I 
If a and 7, 27e known, it is possible to calculate c applying the 
0 
following equation, derived from equation (47): 


; a 
(49) Ecl= os oF PR 


I : gay 
where t = —. Note that c then is the true concentration in the absorb- 


I 
ing elements. The mean concentration of the whole specimen is ob- 
tained by multiplying c with a. Fig. 23 shows the dependence of Ecl 


on ¢ at different values of a. It will be seen that Ecl sharply increases 


with decreasing t at low values of a, which necessitates accurate mea- 


‘surement of t to avoid gross errors. 
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In sections of biological material the absorbing substances are 
frequently present in widely varying concentrations in different 
parts of the section, the individual extinctions ranging from zero to 
high values. In such instances the above theoretical considerations 
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are of little help if it is wanted to know something about concentra- 
; nae ; . 
} tions. Transmission measurements may even in such case prove use- 
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ful, if their limitations and the discussed sources of error are 


to be measured. As mentioned earlier, this can be done a 
ing the measurements in very small areas, within which the 
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not only for collecting most of the scattered light but also to obtain 
a correct intensity distribution in the image plane. The object must 
also be illuminated with incoherent light, which is the case when 
Kohler’s illumination or diffuse light is used. 

If it is wanted to know the average concentration of some absorb- 
ing substance in a nonhomogeneous specimen, several measurements 
are to be carried out in small areas distributed at random over the 
entire area of the specimen. This method is a combination of the 
point-sampling method (page 67) and of absorption measurements. 
The average concentration can be calculated from the average 
extinction, which was seen above not to be equal to the negative 
logarithm of the average transmission. 


a) b) 


Fig. 24, illustrating the effect of crushing on chromosomes. The density decreases, 
the absorbing area increases, and differences in the magnitude of absorption 
are greatly diminished. a) before crushing; b) after crushing. 


As many absorbing constituents such as chromosomes, nucleoli, 
etc. are very small, difficulties are met in trying to perform the 
measurements in a field small enough to assure homogeneity. Davies, 
Wilkins and Boddy (1954) have suggested the use of compression in 
such instances. The method is illustrated in Fig. 24. Compression 
simultaneously increases the homogeneous area and guarantees an 
equal specimen thickness over this area. In practice the compression 
is done by means of a specially designed condenser with a spherical 
top lens. The slide is placed on the microscope stage the plastic cover 
slip downwards; by elevating the condenser the space between the 
slide and the cover slip can be diminished at will. 

While the last-described method is particularly useful in studying 
small tissue constituents, the reverse, increasing the thickness of the 
‘specimen is useful when absorption measurements are carried out 
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on large areas of sections. Increasing the thickness of a section is 
analogous with increasing the cuvette thickness in our earlier exam- 
ple of blood photometry. The absorption by the erythrocyte mixture 
will be even over the whole cuvette, if the absorbing layer is thick 
enough. In the same way, the sections can in many instances be 
prepared sufficiently thick to abolish complications due to nonhomo- 
geneity. Thick sections have the advantage that errors in the estima- 
tion of the average section thickness are smaller. Furthermore, in- 
dividual parts in the same section deviate less from this mean than 
in a thin section. Unless refractive index differences within the sec- 
tion are very small and can therefore be neglected, due caution is 
necessary not to overlook errors due to light scatter. Absorption 
measurements on thick sections are conveniently done by inserting 
the sections directly on a diffusing glass, as described earlier, and 
using a low-power objective with a small numeric aperture. In this 
way, the additional advantage is reached that the probability of ob- 
taining a representative sample is much increased in comparison to 
that obtainable by making several extinction estimations on ran- 
domly selected points of a thin section. 

The method may sometimes.prove difficult because of the high 
extinction accompanying the thick absorbing layer. In the visible 
range this difficulty can mostly be overcome either by making the 
measurements at wavelengths where the absorption of the substance 
concerned is relatively low or by using stains with low molar extinc- 
tion. In ultraviolet light extinctions of unstained specimens are 
generally low. High extinctions furthermore need not affect the ac- 
curacy of the measurement, although the contrary might be expected 
knowing that, with a constant photometric error, the error in the 
estimated density tends to become excessively high at high and low 
transmissions. This kind of instrumental error can be avoided by 
the method of density differences as long as the sensitivity of the 
light-measuring instrument is sufficient. 


Method of Density Differences. 


The value of transmission can be obtained by measuring first the 
intensity of the light passing through the optical system without the 
specimen and then the intensity of the light which is transmitted the 


avy 


Method of Density Differences 99 


specimen in position. It is clear that in this case a stable light source 
must be used. Alternatively, compensating circuits (see chapter X) 
may be used in which the intensities of two light beams are simul- 
taneously compared, one beam—called the reference beam—passing 
the optical system only and the other beam—called the sample 
beam—passing the same optical system and the specimen. If the 
reference beam is allowed to pass the slide, the cover slip and a non- 
absorbing part of the specimen, the transmission is smaller than if 
the beam passes the microscope without the slide. This difference is 
obviously due to loss of light in the slide, in the specimen and in the 
cover slip. As this loss obeys Lambert’s law, the following equation 
applies: 

(50) Pe tO SetO- 82044 —— 7 1Q-at eta) 


where J, is the intensity of the light measured without the slide, I’ 
the intensity measured through a non-absorbing part of the specimen 
and a, b and d constants depending on the properties of the slide, 
the specimen and the cover slip, respectively. Let E be the extinction 
coefficient of the substance whose concentration c in the specimen 
with a thickness of | is wanted to measure. Presuming that Beer’s 
law is valid, the intensity of light in the sample beam is then 

[= Bol tht) 10-2! == TANT AC ae See La and 

FP if 1Q-(e+6+d) — Ecl 
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— ]1Q-(at+b+d)-Ecltatb+d — 1Q~Ed, oy 


(51) — log a = Ecl. 


Thus, by using as a reference beam a beam passing through such 
parts of the specimen causing a loss of light not related to the sub- 
stance to be studied, the concentration of this substance can be cal- 
culated from the simple equation (51) without regard to the source 
or magnitude of the non-specific loss of light. The condition of course 
is that the non-specific loss is equal in the non-absorbing part and 
in the absorbing part of the specimen. 

This method will be found useful when great losses of light occur 
because of light scatter. I’ is first measured in the desired part of 


‘an unstained section. The section is then stained or treated according 
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to the histochemical procedure and / is measured in the same part 
of the stained section. Although only a fraction of the light trans- 
mitted by the concerning part of the specimen had entered the ob- 
jective, no error due to light refraction or reflection will interfere 
with the result (unless the treatment has resulted in alterations in 
the light-refracting properties of the specimen). Accurate location of 
the specimen is naturally necessary and the measurements must be 
carried out under otherwise strictly identical conditions, the section 
mounted in the same way both times. At low magnifications readings 
of the vernier scale of the slide holder can be used for location. At 
high magnifications the site of a characteristic point of the specimen 
in the visual field must be noted, e.g., with the aid of a hair-cross net- 
work fixed in the ocular. For accurate location of the uae see 
also Caspersson (1950). 

In a thick, heavily absorbing section, the high density may ‘ 
diminish the accuracy of the measurement. This can be prevented 
by letting the reference beam pass through a cuvette containing 
some absorbing fluid, e.g. a solution of the dye stuff with which the __ 
section has been stained. Let the section thickness be 1, the con- 
centration of the coloured substance in the section c, and the ex: 
tinction coefficient of the substance E. Let further the thickness of 
the cuvette be I’, the concentration of the solution in qe cuvette ia, 
and the extinction coefficient of the substance in the cuvette BP. 


Then the density measured is Bir 
et | a ey 
(51 a) d= — log P =Ecl—E’c'l’, ~ 7 
or, denoting El =a and Ec’? =b, cic” i 
d=ac—b. P 3 
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Equipment for Absorption Measurements 


Alternative Arrangements. 


A complete spectrophotometer for microscopical work contains 
~ the following parts: 
| 1. light source, 

2. monochromator 
3. microscope, and 


; 4. photometer. 


Figs. 25-29 show some alternative arrangements. In Fig. 25 the light 
passes through a monochromator into the microscope, and a part of 
the magnified image of the specimen is projected on a light-sensitive 
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| “Fig. 25. A simple ‘arrangement for section photometry. L, lamp; MC, mono- 
‘chromator; C, condenser; M, microscope; PC, photocell. 


| spectrograph 


In Fig. 26 the specimen is illuminated with heterochro- 
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Fig. 27. A photometric device in which the light transmitted by the specimen 
is directly measured with a phototube. The microscope is used only for focusing 
Be the condenser and for selecting the field. L, lamp; MC, monochromator; C, high- 
power objective serving as a condenser; O, objective; PC, photomultiplier tube. 


are enaceine through the specimen, L, lamp; F, a filter combination; C, ee: 


M, microscope; PC, photocell. “aa 
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Fig. 29. A single-tube compensating microphotometer. The light beam « 
from the monochromator, MC, is split into two beams by means | 
reflecting mirror, SM. One of these beams passes through the con¢ 
the specimen and the microscope, M. Both beams go through a rot: ti f 


RS, which gives different frequencies to them. Although both bean ‘i 
the photomultiplier tube, PC, different frequencies allow separati if 
pensation by electronic means. if 
¥ 
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compensation is provided for fluctuations in the intensity of light. 
In Fig.28 both the sample beam and the reference beam pass through 
the slide and the intensities of both beams are matched with two 
phototubes in a compensatory circuit. A combination of filters is 
used as a simple monochromator. In Fig. 29 the reference beam 
does not go through the optics at all, and both beams enter the 
same phototube. A rotating sector is used to provide an intermit- 
tent light. The photocurrents induced by the two beams can be 
electronically separated and compensated. 

Several other possibilities could be presented. Which combina- 
tion is most useful in each instance depends on a great number of 
factors, frequently not least on the limit of financial resources. 


Light Sources. 


The spectral range to be used is a decisive factor in the choice of 
the light source. The spectral intensity distribution of the lamp must 
be in a sensible relation to the corresponding sensitivity distribu- 
tion of the light-measuring device. A further condition, set by micro- 
scopic work, is that the intensity per unit of illuminating area must 
be high. 

In the visual range, incandescent lamps are the source of choice 
for the majority of cases. Bulbs manufactured primarily for other 
purposes are cheap and many of them are fully satisfactory for 
microscopic work. The filaments should be so arranged that a small 
area will be nearly evenly illuminated. Such bulbs are commercially 
available amongst others for the use in projectors. The useful wave- 
length range of such lamps extends from about 4500 A to near infra- 
red. The wavelength of the maximum intensity can be lowered to 
a certain degree by increasing the voltage applied across the fila- 
ment. Exceeding the voltage prescribed by the manufacturer results 
in premature deterioration of the lamp but temporarily overvoltage 
can be used to increase the radiation intensity at lower wavelengths. 

Mains voltage shows everywhere too large fluctuations to allow 
the use of this convenient source for feeding the lamp, unless com- 

-pensation is provided for the light-intensity fluctuations. Even so, 
' changes in the colour temperature of the source may alter the 
spectral characteristics of the light to a deleterious degree. Rough 
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stabilization can be achieved with a constant-current transformer 
but the remaining fluctuations still necessitate balanced methods 
of measurements. Electronic stabilizers give a sufficiently constant 
lamp current. Nt 

In most instances a storage battery of high capacity is most con- 
venient as a stable source of electricity. Care must only be taken 
not to work with a nearly exhausted battery, because even small 
changes in voltage radically affect the light intensity, proportional 
to nearly the fourth power of voltage. 

For work in the ultraviolet other sources of light must be used. 
For many purposes mercury-vapour lamps of the street-lighting type 
are satisfactory. When higher intensities are required, high-pressure 
mercury-vapour lamps or, below 2,500 A, rotating spark gaps or 
metal ares may prove useful. The stability of these sources is general- 
ly low wherefore efficient compensating methods of measurement. 
are obligatory. Recent models of hot-cathode hydrogen-discharge 
tubes are characterized by continuous spectrum in the ultraviolet, 
steady light intensity and low cost. Though the intensity is low, they — 
may be used with advantage in some applications, e.g. in a spectro- | 
graphic system similar to that illustrated in Fig. 26. 


Monochromators. ; 
Monochromatic light can be obtained with prism monochroma- 
tors, diffraction-grating monochromators, or with filter combina- 
tions. When discontinuous light such as that obtained from the 
mercury-vapour lamp is used, a high spectral purity iene 
achieved by relatively simple line-isolation methods. The dea 2¢ 


intensity distribution.of the light obtained from the source, 
absorption spectrum of the substance to be estimated, and 
spectral-sensitivity characteristics of the measuring device. 
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ed for many purposes by using water in quartz cuvettes as the dis- 
persing medium (see Strong, 1949). 

In the visible range sufficiently monochromatic wavebands can 
mostly be isolated by means of filters or filter combinations. This is 
particularly true when density measurements are carried out on 
a stained preparation completely colourless except for the stained 
areas. Narrow wavebands are of course necessary also in the visible 
region when it is desired, e.g., to investigate changes in the absorp- 
tion spectra of stains in the tissues. 

Coloured liquids in plane-parallel cuvettes make good filters 
easily prepared in a histological laboratory. In using such filters it 
is good to bear in mind that the absorption characteristics of many 
synthetic dyes tend to alter under irradiation. The same applies to 
some gelatin filters, which are otherwise an economical and effi- 
cient solution to the filter problem. Glass filters show the highest 
stability and a set of some 10 filters properly selected is enough for 
many purposes. Approximate spectral characteristics of filters are 
usually given in the manufacturer’s catalogues, which also frequent- 
ly contain interesting information to those who want to use self- 
prepared liquid filters. It must be remembered that for accurate 
work the absorption spectra of each individual filter must be 
measured with a good spectrophotometer. 

For isolation of narrow wavebands interference filters are supe- 
rior to colour filters in giving a high transmission—round 0.3—at 
a narrow wayeband only. Although the transmission is only a frac- 
tion of this value outside a narrow range, a transmission of about 
0.01 at wavelengths some 500 A from the wavelength of maximum 
transmission may cause gross errors. This happens if e.g. the inten- 
sity of the light source, the sensitivity of the measuring instrument, 
and the transmission through the substance to be measured are high 
at a wavelength where the filter should not transmit. 

While filters transmitting only a narrow waveband are needed 
when the end-point of the measurement is photographic or photo- 
electric, the same does not, apply when the light intensities are 
visually measured. The same subjective colour sensation can be 


caused by two light spots whose spectral composition is altogether 


different. Thus, highly monochromatic light may apparently be of 


satisfactory image at one wavelength only. Therefore, the 
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exactly the same colour as heterogeneous light. Therefore, when 
light intensities are visually matched, spectral purity is not of deci- 
sive importance and wide-band filters may be used. On the other 
hand, visual inspection is a poor guide in the selection of narrow- 
range light filters. 


Microscopes. 


When very small areas of cells are analyzed with spectrophoto- 
metric methods, a sharp image of the object is necessary to be able 
to isolate parts of this image for light intensity measurements. Un- 
less the light-intensity distribution in the image is equal to that 
immediately behind the object, false results are obtained. Ideally, 
the optics should give a sharp image irrespective of the wavelength 
of the light. Lens errors such as aberrations and coma should be — 
negligible and the aperture should still be high (cf. page 92). This. 
condition can only be fulfilled by optics operating solely with re- 
flecting mirrors which give an equally sharp image at any wave- 
length. Several reflection microscopes intended for work in both 
ultraviolet and visible light are commercially available. Barer’s 
(1950 b) article seems, however, to indicate that none of these 
microscopes approaches the completeness required for spectro- 
photometric work. The reflection microscope designed by Burch 
(1947), on the other hand, seems to satisfy the conditions briefly 
outlined above and it has been used for studies both in the ultra- 
violet and the infra-red region of the spectrum. This microscope is 
at the moment produced on a very small scale and it is accordingly 
fairly expensive. Because of the unique characteristics of this micro- 
scope it can only be hoped that production on a larger scale will 
make it accessible to wider circles. In this connection it is adequate 
to note that the arrangement shown in Fig. 26, page 101, presumes 
that the microscope used gives a sharp image over all ue spectral 
range to be analysed. 

None other but reflection microscopes are capable of working 
satisfactorily over the whole spectral range. Ordinary, so-called 
achromatic objectives are actually monochromatic and give : 


tion of light in the image plane at wavelengths only a few 
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microns away from the optimum is no more equivalent to that in 
the object plane, in spite of correct focusing. This is likely to cause 
false results, particularly in the ultraviolet region, where the mag- 
nitude of error is difficult to estimate (see Barer et al., 1950). For 
the maximum accuracy, therefore, separate achromatic objectives 
are theoretically necessary for each wavelength. According to 
Caspersson (1950), nevertheless, two achromatic quartz objectives 
are satisfactory for measurements from 2,020 to 3,300 A. 

While ordinary achromatic objectives are suitable for a restricted 
spectral band only, Boutry and Billard (1947) have designed so- 
called polychromatic objectives, which are correct over a wide 
range of wavelengths. Focusing must be done at each wavelength 
separately as a sharp image is not obtained simultaneously at dif- 
ferent wavelengths. 

The best lens-combination objectives in the visual range are 
generally called apochromatic. They are corrected at three different 
wavelengths and work reasonably well at the intermediate wave- 
lengths also. Qualities of apochromates of different make are very 
variable, however, and it may be demonstrated that with some apo- 
chromates considerable refocusing must be done when the wave- 
length is changed. 

When Kohler’s illumination or, in particular, when diffused light 
is used, the optical properties of the condenser need not be of as 
high standard as those of the objective. However, inaccuracies in 
the optics below the object may cause considerable errors, particular- 
ly if the illuminated field is restricted to diminish the stray light 
caused by reflections in the optical system. Such errors easily escape 
notice. To be on the safe side the condenser may therefore be re- 
placed with an objective similar to that used for producing a mag- 
nified image of the object (Naora, 1951). A faultless condenser is 
indeed obligatory when the measurement of light is carried out 
directly above the object (Fig. 27, page 102), instead of doing it in a 
restricted part of the image formed by the microscope. 


Photometry in Visible Light. 
Although the most revolutionary results have been obtained in 
the ultraviolet region of the spectrum (Caspersson, 1950), several 


Se a ea 


» — . va 
a Se alee 


Fig. 30. A photometer described by Dempsey et al. (1947). A phototube can be 
moved on the ground glass of the photographic system. : 
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Fig. 31. Another arrangement in which the specimen can 
photographed with a reflex camera and then measured for hes jon 
a phototube. om 
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measurements in mind, because they are possible in some form in 
practically every laboratory. Detailed discussion of spectrophoto- 


4 _ metric aspects connected with specific staining methods or histo- 
chemical reactions fall however outside the scope of the present 
volume. Additional information can be obtained in the papers al- 


* ready referred to and in articles by Stowell (1942, 1945 a, b, 1946), 
Stowell and Albers (1943), Pollister and Swift (1950), Pollister, 
_ _Himes and Ornstein (1951) (general and nucleic acids); Deane, Nes- 
\ bett and Hastings (1946) (glycogen); Dempsey, Bunting, Singer, and 
i Wislocki (1947) (mucopolysaccharides); Metcalf (1951) (haemoglo- 
bin); and Abolin§ (1952) (phosphatase). 

Figs. 30 and 31 show two practical arrangements for visual-range 
5 photometry according to the same principle as in Fig. 25, page 101. 
In both of these systems, the specimen measured can be conveniently 
photographed. ) 


CHAPTER X 


Measurement of the Intensity of Light 


‘Introduction. 


The intensity of light can be measured with three different 
methods: 1. visually, 2. photographically, or 3. photoelectrically. 
Visual measurements are ordinarily restricted to the region of the 
visible spectrum. With the aid of fluorescing substances or the 
recent image-converter units it is nevertheless possible to extend 
visual estimations to ultraviolet and infra-red parts of the spectrum. 
Photographic and photoelectric methods can be applied to regions 
from far ultraviolet to near infra-red and to far infra-red when 
image-converters are used. Thermocouples, which will not be dis-\ 
cussed further, are used for measurements in the infra-red region. 

Before going into details, some general statements about the ac- 
curacy of the measurements may be useful. A quantitative technique — 
which is both sensitive and accurate is naturally useful for all pur- 
poses. However, most techniques tend to lose accuracy when the 
sensitivity is much increased and vice versa. Frequently refinements 
of the technique are possible only at high cost and tend to make the 
actual measurements complicated and cumbersome. Therefore, it is 
wise to form an idea about the accuracy needed for each particular 
problem. r 


For example, it may be that the standard error in esti ania the 
section thickness is about 5 per cent. Reduction of the error in ab- 
sorption measurements to zero would still keep the total error a 5 
per cent. On the other hand, if the error of the absorption n 
ments also amounts to 5 per cent, the total error will not be 1 
) 5°-+5? = 7.07 per cent (see formula 11, page 21), which 
much more than 5 per cent. This shows that relatively little is 
in overall accuracy by reducing one kind of error only. E 
in tissue sections may show very large variations not rela 
ferences in the concentrations. In such instances simple a! 
primitive equipment ced give eagally useful data 
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Physiological Basis of Visual Photometry. 


Although the eye is very sensitive in creating sensations when 
illuminated with a low light intensity, only rough estimates of ab- 
solute intensities of light can be done visually. Differences in the 
intensities of two sources of light can, on the contrary, be noted 
with high accuracy, if the sources are simultaneously examined. The 
difference threshold of intensity is dependent on the absolute in- 
tensity of light. It is generally agreed that under optimum condi- 
tions the least perceptible difference between the intensities of two 
surfaces is less than 1 per cent of the absolute intensity of light. 
This applies to medium light intensities only. Both in very strong 
and in poor light the difference threshold is higher in relation to 
the absolute intensity, i.e., only big differences are appreciated. 
Within a large range of illumination the difference threshold keeps 
nevertheless reasonably proportional to the absolute intensity of 
light (Weber’s law). This implies that the percentage error is within 
that range largely independent of variations in the intensity of light. 

Holiday (1950) has drawn attention to the fact that subjective 
assessment of the light intensity on a small area depends on the light 
intensity on closely neighbouring areas. Thus, in a step wedge an 
area with even density appears subjectively lighter near the neigh- 
bouring step with higher density and conversely darker near the 
other neighbouring step with a lower density. Using this contrast 
effect, small differences in the density of a photographic plate can 
be detected, undetectable by photoelectric densitometry. This phe- 
nomenon is important in subjective microscopic photometry and has 
to be taken into consideration in assessing sections with irregular 
distribution of the absorbing materials. 


Simple Assessment of Absorption. 


In ordinary histological and histochemical research it is custom- 
ary to express differences in the light absorption with terms such as 
“weakly stained”, “dark brown”, “strongly positive”, etc. Recently, 
there has been increasing tendency to quantitate these differences 
subjectively, and the results have been given accordingly to an arbi- 

_ trary seale. The scale may range from 0 to 5 or from + to +--+. 


This quasi-quantitative technique is simple and it does not need 


112 Measurement of the Intensity of Light 


any accessory equipment. The accuracy is of course low. Further- 
more, the value of the information thus obtained is essentially de- 
pendent on the skill of the observer. The significance of the results 
may also be rather difficult to assess, especially to another worker 
reading the report concerned. Anyhow, if certain precautions are 
taken into consideration, this method can be used to extract valuable 
information from tissue sections. : 

Before the assessments are started, one has to make clear the 
significance of the symbols used to indicate the degree of absorp- 
tion. If this is not done, an area may be recorded to fall into, say, 
class 3 in the beginning while a similar area is in the end put into 
class 5. Errors thus created can be essentially diminished by refer- 
ring the classes to some abstraction serving as a primitive standard 
for the assessment. As an example, the scale used by Macdonald 
(1951) is reproduced here. 


fa 

0 . . . . No reaction. : 

1 Yellow colour. xe) ‘3 

2 . . . . Brown colour. _ 

3 . . Black colour with the nucleus readily | 
distinguishable. iW 

4. . . . Black colour obscuring the nucleus. por 


The method was used to assess the intensity of histochemically de- 
monstrable acid phosphatase in the cytoplasm of nerve cells. Statis- 
tical analysis indicated a reasonable reproducibility of the results. 
The accuracy can probably 4 in many cases be further ingtae ae 


- with previously marked areas or cells falling into different 
can be used as fixed standards throughout the assessment. Ink; 
and readings of the vernier scales of the slide holder can be. 
to locate the reference sites. 


source. To avoid errors due to the spatula continuous c ¥ 
pe Se criteria it is preferable to mix all ae in 


lccteinatons Lieala Ae bua on sed 
ces locate twice. If Le pur 
i a mee 33) 
¥ 


a 


Simple Assessment of Absorption 113 


the absorption of some tissue component distributed over the whole 
section, the sites of assessment should be selected at random. During 
the evaluation of the whole material the same optics and illumina- 
tion conditions have to be used. 

There is hardly any other field where statistical treatment of the 
results would be more useful than in subjective assessment of sec- 
tions. Especially if many classes are used, it is quite possible that 
even large differences in average “absorption” are not statistically 
significant. It is permissible to calculate an average value of “ab- 
sorption” in each section or group of sections. One has to bear in 
mind, however, that such numerical values have no absolute signi- 
ficance, although they allow the use of statistical methods. Before 
applying the subjective assessment to an extensive material, it is 
advantageous to make a series of double estimations in a small num- 
ber of sections to see whether the differences in absorption are in 
comparison to the accuracy of assessment big enough to justify the 
use of 5 instead of 3 classes, or any use of this method at all. 


Coujard slides. 


If the intensity of blackening is assessed according to an arbitrary 
scale, the estimates do not bear any simple relation to the magnitude 
of extinction. Moreover, in many instances all-or-none reactions 
play an important role in histochemical reactions responsible for the 
staining of sections so that relations between the extinction and the 
amount of reactive material present are far from linear. As Gomori 
(1950) has shown, it is nevertheless possible to make approximate 
estimations in terms of concentration or chemical activity by using 
dilution standards on slides treated simultaneously with the sections 
according to the histochemical procedure. 

On slides treated with egg-white glycerol, and dried, marks are 
made using dilutions of the substance to be demonstrated. Serial 
dilutions are made with e.g. 1 per cent gelatin or gum acacia, and 
a clean steel pen is used to make the marks. The thickness of such 
lines can be calculated from their width using an empirically con- 
structed curve. The number of the dilution fraction can be con- 
veniently used as a mark for each “ink”. Control slides thus pre- 
pared are thereafter treated identically with those carrying the 
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sections to be assessed. After the histochemical procedure the in- 


tensity of darkening in the tissue is compared with that of the dilu- 
tion marks. To avoid errors due to uneven distribution of absorbing 
materials (see page 94) each component to be assessed must be 
homogeneous. The dilution mark having the same depth of “stain- 
ing” is noted. If the thickness of the tissue component concerned 
is equal to that of the mark, the concentration of reactive materials 
is regarded equal also. In case the thicknesses are different, the 
chemical activity of the detail was supposed by Gomori to be equal 
to that of the dilution mark showing the same blackening multi- 
plied by the ratio (thickness of the tissue layer/thickness of the 
mark). This method was said to be capable of discriminating acid 
phosphatase activity with an accuracy of about + 50 per cent. 
Theoretically the method is quite sound as long as the thickness 
of the dilution mark is equal to that of the tissue constituent to be 
compared with it. If the ink mark is thicker, correct results can only 
‘% be obtained, if Beer’s law (page 88) is valid. Suppose a tissue com- 
ponent showing an equal darkening with that of an equally thick — 
dilution mark 3 indicating the activity level of a dilution 1: 10°. If 
the dilution mark were 5 times as thick as the section, a correct 
result is obtained only when an equal extinction is seen in a mark 
diluted 1 : 10° and a mark 5 times as thick diluted 1:5 X 10°, ie. 
when the extinction in the mark is proportional to the concentra- 
tion of the reacting substance. This is almost certainly not the case 
for histochemically demonstrated phosphatases and for many other 
histochemical reactions. By ise 
There are further sources of error, which may distort the Pe calts 
unless the thickness of the calibration mark is kept equal to that of 
the section. Although Beer’s law could be demonstrated to be vi lid 
under the prevailing ep a a care must be taken, a the 
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is longer than that in a thin layer. Thus the colour-producing reac- 
tion may be completed in a thin section before the reaction has 
started in the inner parts of a thick calibration mark. 

Sometimes it may be difficult to obtain equal thicknesses for the 
section and the calibration mark. Although it is not justified in 
such case to express the activity of the tissue in terms of dilution— 
unless such relation is directly proved—the technique will still be 
valuable because the dilution marks serve as standards, whose dark- 
ening is dependent on similar chemical processes as that of the sec- 
tion. 

Gomori (l.c.) used separate slides for the control marks. To ab- 
ridge the time lag between the inspection of the marks and the sec- 
tions it might be of advantage to draw the marks on the same slide 
with the sections, preferably near them. Reduction in the inspec- 
tion interval increases the accuracy of comparison. Alternatively 
and still more conveniently, the standard slide could be kept con- 
stantly under another microscope with identical optics and illumina- 
tion. In this case, a comparison ocular could be used to examine the 
two slides simultaneously. 


Visual Photometry. 


While the afore-mentioned methods are necessarily limited in 
accuracy because the visual comparison of the sample and standard 
is alternating, simultaneous matching of two light sources makes full 
use of the high discriminating sensitivity of the eye. The principle is 
the same in all modifications of visual photometry. The light inten- 


sities of two surfaces are compared simultaneously and their mutual 
intensities are adjusted until no difference in the intensity can be 
observed. Reading of the adjusting device can be calibrated in terms 
of extinction or of transmission. The light intensity can be varied 
by the use of 


a) polarized light, 

b) rotating sectors, 

c) absorption wedges, 

d) absorbing solutions, 

e) Lambert’s inverse square law, or 
f) varied apertures. 


- 
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a) Polarized light. In the visual photometry of solutions the use 
of polarized light is by far the most popular method. Fig. 32 illus- 
trates two methods by which polarized light can be used to equal- 
ize the light intensity of the light beam passing the absorbing layer 
with that of the reference beam. In the first one, the inte of the 
reference beam only is altered. 
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Fig. 32. Two arrangements for altering the mutual intensities of the sample beam, 
S, and the reference beam, R. In the upper arrangement, the nicol No is rotated 
until the two beams match, In the lower system the beams polarized by the 
Wollaston prism, W, at directions perpendicular to each other are matched by 
rotating the nicol N. clk 
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igctad of nicols, polaroid filters can also be used! In most in- 
stances they are adequate enough, and the expenses are much s 81 
er. It is wise to calibrate the transmittance at various angles with 
the aid of a spectrophotometer at different wavelengths. I: 


device is not een a simple method is to make use of es 


harm, of course, eae measurements are done at lower wav 
and monochromators are used. In simple colorimetric | 
error can be corrected by inserting a filter. . 

The other arrangement makes use of the Wollaston prism 
plane polarizes the light into two beams, the polarizati 
which are ee a to ee athers The light inte 
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sheets with the polarization planes perpendicular to each other in 
front of the light source instead of the Wellaston prism and by 
replacing the nicol with a polaroid filter. 


b) Rotating sectors. If the passage of light is periodically inter- 
rupted by means of a rotating sector and the frequency of the pro- 
duced flicker is high enough, the light intensity transmitted (I) seems 
subjectively even. The sensation is equal to that caused/by a con- 
tinuous light having the intensity given by the following equation, 
called Talbot-Plateau law: 


a 
(52) I= Fer 9 Ih, 

where a = free angle of the sector, b = screened angle of the sector. 
Any high-speed motor is suitable for the rotation. If a-c operated 
light sources are used, the flicker frequency chosen must be differ- 
ent from that in the mains voltage to avoid interference phenomena. 
Otherwise variations in the frequency do not influence the resultant 
intensity of the sensation once the critical fusion frequency is ex- 
ceeded. Frequency higher than 40 cycles per second is usually suf- 
ficient to cause fusion but higher frequencies can easily be obtained 
by cutting several sectors in the rotating circle. 


c) Absorption filters and wedges. In the same way as by the use 
of two nicols the light intensity can be controlled with the aid of 
neutral filters absorbing light throughout the whole visible spectrum. 
Such neutral filters can be made by exposing photographic plates 
for varying periods or to varying intensities of light. The emulsion 
side of the exposed, developed, and fixed plate is then covered with 
a cover slip using canada balsam. A series of such filters with varying 
density can be attached to a circular disc and the approximate ab- 
sorption of the sample may be measured by changing filters in front 
of the reference beam until this and the beam passing the sample 
are approximately equal in intensity. Instead of a series of filters a 
step wedge can be prepared in an identical way on a single photo- 
graphic plate. ; 

Unless a large number of filters, or of steps in a step wedge, is 
used, the absorption can only be roughly measured. The accuracy 
can be increased by the use of continuous wedges, a small part of 
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which is in front of the narrow reference beam at a time. Such a 
wedge is conveniently prepared by raising a photographic plate at 
a logarithmically increasing rate perpendicularly to a narrow slit 
illuminated with constant intensity. All filters and wedges made from 
photographic plates must be repeatedly calibrated, as their -absorp- 
tion tends to change. 

Neutral wedges may also be prepared by vacuum-coating thin 
layers of metal on glass. Coloured glasses with a suitable absorption 
spectrum are equally useful and more stable than any of the neutral 
filters. Commercially available comparator disks can sometimes be 
equally well used for microscopical absorption measurements. 

As a whole, the estimation of the absorption with the aid of filters 
and wedges is quasi-quantitative rather than quantitative. This is not 
necessarily a serious drawback, as many other factors such as devia- 
tions from Beer’s law, light diffraction and uneven distribution of 
absorbing materials in the section may non-specifically influence the 
absorption to such a degree that very accurate methods for measur- 
ing the light intensity become superfluous. 

d) Absorbing solutions. By letting the reference beam pass 


through a solution having the same colour as that of the substance 


in the section whose absorption is to be measured, the light inten- 
sities in the sample and reference beams can be matched. This is 
done most conveniently when a cuvette of adjustable depth is 
available. If such a cuvette is, e.g., filled with a solution of the same 
stain which is responsible for the absorption in the section, the : 
amount of absorbing material in the section is directly given by 
the ele of the depth of the euvette und the contes ae of 
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metry is much easier, if an empirically constructed calibration curve 
can be used for correcting deviations from Beer’s law. 

Instead of cuvettes with variable depth wedge cuvettes can be 
used in the same way as a continuous wedge. 

e) Inverse square law. One arrangement is illustrated in Fig. 33. 
The image of the microscopical specimen is projected on one half 
of an opal glass, divided into two fields by means of a separating 


Fig. 33. A simple device for photometry using the inverse square law. D, iris 
diaphragm; F, filter combination; L, lamp; M, mirror; O, ocular; OG, opal glass; 
S, scale for reading the distance of the lamp from the opal glass. The image 
of the specimen is focused on one half of the opal glass, separated from the 
lamp system with a vertical wall. The lamp is then moved until the intensities 
on both sides of the wall match. 
wall. The size of the field is adjusted with an iris diaphragm until 
the image of the specimen is homogeneous. The other half of the 
field is illuminated by a small lamp, whose distance from the opal 
glass can be altered. This lamp is moved till the two parts of the 
examined field show an equal intensity. Using Lambert’s inverse 
square law the light intensity can be easily calculated. Appropriate 
filters must be used to match the colours in the two fields before 
actual measurement. 

_ f) Varied apertures. If a variable aperture is placed between two 
opal glasses, the illumination can be conveniently regulated. The loss 
of light must be empirically determined because opal and: ground 
glasses may pass variable amounts of direct light. The use of variable 
apertures without opal or ground glasses is not possible without 


__ changing the optimal microscope illumination. When this method is 


used, great losses in the intensity of light occur. 
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Photographic Methods. 

The blackening of the photographic plate is dependent on the 
light energy reaching the sensitive emulsion. Fig. 34 shows a typical — 
curve, in which the density of the plate is plotted against the ex- 
posure. 

Certain blackening can be seen in a developed plate which has 
not been subjected to light at all before the development. This 
basic blackening is called fog, and it can be increased by prolonged 


‘ 
ty. 


= Latitude —— ,/ y, 
Reversal 


Fog . Log. Exposure oe 


Fig. 34. A "pies y-curve of a photographic emulsion. pio 


development. Very small amounts of light do not increase the len 
sity above this fog level. The minimum exposure causing a Gaether 
darkening of the plate is called inertia. With certain values of « ex: 
posure the density is directly proportional to the logarithm of: the 
exposure. The slope varies in different kinds of plates and it is ex: 
pressed in terms of y — tan a. Aft 
The exposure is a function of the intensity of light (I) ae 
length of time during which the plate has been subjected to t 
light. If the exposure time (t) is kept constant, the den. 
page 88) of the plate is proportional to the intensity of light. 
The reciprocity law of Bunsen and Roscoe states that the ef 
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to expose the plate for a longer time than that given by the reci- 
procity law. He suggested that J t should be replaced by J t’, where 
p is 0.8. In this case the density could be calculated from the follow- 
ing formula: 


(53) D= ylogl t? —i, 


where D = density and i = inertia. Since then it has been shown 
that with various values of intensity, p may vary several tenths. 
Furthermore, at a certain intensity, which varies in different plates, 
the same density is achieved with a lower value of log Jt than at 
higher or lower intensities. 

Reciprocity law is fulfilled at temperatures less than —186° C 
(Mees, 1942). For most emulsions at room temperature there is an 
intensity range within which log J t keeps fairly constant. 

Failure to follow the reciprocity law makes it understandable 
that intermittent light such as that produced by means of a rotating 
sector may produce variable densities although the total light radia- 
tion is kept constant. If the frequency of the flicker is high enough 
(over 50 revs/sec.), the resulting density is nevertheless proportion- 
al to the ratio (free angle of the sector total angle) with a constant 
intensity of light and constant exposure time. 

A large variety of plates and films is now available. Their charac- 
teristics with regard to the sensitivity (inertia) at different wave- 
lengths, resolving power (graininess), and contrast (slope of the ex- 
posure-density curve) are reported by the manufacturer. Fig. 35 
shows data of a very slow, ultraviolet- and blue-sensitive, high-resolu- 
tion and -contrast plate. The time-temperature curve gives the range 
of developing times and temperatures producing the same y. Fig. 36 
illustrates characteristics of a panchromatic high-speed sheet film 
with a low y and a medium graininess. It must be noted that this 
kind of information can only be regarded as an approximate guide 
to the characteristics under specified conditions of measurement. 
Thus, e.g., the spectral sensitivity is usually indicated by. wedge 
spectrograms obtained using light from a tungsten lamp and glass 
optics. The actual maximum sensitivities of the emulsions are in the 
_ ultraviolet, to which glass is not transparent. Even so, the shape of 

‘the spectral sensitivity is affected, if another kind of light source is 
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Sensitivity Curve of Tungsten Light (2848° K.) 
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Fig. 35. Characteristics of a slow, high-contrast, high-resolution plate (Kodak 
Maximum Resolution Plate). 


used. The contrast varies with wavelength in the same emulsion, 
y-variations with more than three times being not infrequent. 

The circumstances are further complicated by the fact that the 
characteristics of the emulsion vary in different parts of the same 
plate. Special attention must also be paid to the diminishing in- 
fluence of a strongly exposed part of the emulsion on the density of 
the closely neighbouring parts. This disturbing phenomenon is al- 
leviated if the plate is continually wiped with a soft brush during 
the development. 
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Fig. 36. Characteristics of a rapid panchromatic film (Kodak Super-XX Sheet Film). 


From the presented theoretical considerations it follows that 
the photographic plates can only be used with high accuracy for 
matching two neighbouring parts with an equal density in the same 
plate. In photometry, sample and reference beams must thus be 
used. Because of the reciprocity-law failure, exposure times for both 
beams must be equal, and the intensity of either the sample or the 
reference beam must be varied continuously or discontinuously. By 
means of this method, which is analogous to the visual method of 
photometry, light intensities can, under favourable conditions, be 

-. measured with an error of 0.01 per cent. Usually the error is con- 
siderably larger. 


ig a ae i 4 ot) ie. | Cad de, oe 
‘ . r “a 7 :. a 


124 Measurement of the Intensity of Light 


If high accuracy is not required, it is more convenient to pre- 
pare y-curves for the wavelength to be used and expose for the 
same length of time in the actual measurement. To obtain the light 
intensity, the density of the plate is then compared with the y-curve. 
If this method is used, the accuracy is limited by variations in the 
response of the emulsion. Therefore, several y-curves must be pre- 
pared from several parts of several plates, and the errors in dif- 
ferent parts of the average y-curve calculated. Reciprocity-law fail- 
ure does not contribute to the error in this method. 
In the third photographic technique it is assumed that the reci- 
procity law holds true. Constant intensity of light is used and the 
exposure time is varied continuously or discontinuously. By pro- 
jecting an image of a homogeneous tissue component on the spectro- 
graphic slit and by moving the photographic plate with the aid of 
an evenly rotating logarithmic cam, one can rapidly produce a 
spectrogram, in which the height of the blackened areas at each 
wavelength indicates the light intensity at this wavelength. Absorb- 
ing areas are accordingly shown as depressions of the curve. A con- 
trol spectrum in which the light is directed through the same slide 
and cover slip, presumably through a non-absorbing area in the 
section must naturally be also done. This method, although least 
accurate of the photographic techniques, has the advantage that it 
is more capable of resolving fine structure of absorption spectra 
than any other photographic or photoelectric method (see page 111). 
; Evaluation of the density in the photographic plate. In all photo- 

graphic methods estimation of the density in different parts of the 
" photographic plate is the endpoint of the measurement. Visual, 
photoelectric and grain-counting methods of measurement: can be 
used. Visually, the density can be measured along the same lines as 
has been described in the chapter concerning visual measurement 
of light intensities. Monochromacy of the light is not of particular 
importance. Light scattering, which always occurs in the photo- 
graphic plate, must, on the other hand, be considered. Thus, either 
the intensity of light is measured with a low aperture or care is 
taken to collect all the diffracted light with the aid of high aperture 
systems. A third alternative is to place one or two diffusing glass 
plates below the plate. In this case the intensity distribution of the 
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light emerging from each point of the plate is practically even. In 
the calibration, the same method must be used as in the actual 
measurement. 

This applies equally to the photoelectric method. For further 
details the reader is referred to the next section. 

The number of silver particles per unit of area is an accurate 
index of density of a photographic emulsion. For counting methods 
see chapter VII. This method can only be applied when the density 
is low, but at very low densities it is more accurate than visual or 
photoelectric methods. 


Photoelectric Methods. 


a) Barrier-layer cells. In barrier-layer cells, a thin semiconduct- 
ing layer of cuprous oxide or selenium on a copper plate reacts to 
light rays by creating a voltage between the layer and the plate. If 
the semiconducting layer is covered by a transparent thin layer of 
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Fig. 37. Current produced at different external resistances by a barrier-layer cell 
as a function of the light intensity. To obtain a linear response a galvanometer 
with low coil resistance must be used. 


conducting material, the electrical changes can be measured. Either 
the current flowing through the photocell or the voltage across 
the cell is measured. 

In the first case (Fig. 37) the relationship between the light in- 
tensity and the electric current produced is dependent on the resist- 
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ance of the external circuit. At low values of external resistance the 
electric current is proportional to the light intensity up to high inten- 
sities. If the external resistance is high, the increase in the current 
becomes progressively smaller with increasing absolute light inten- 
te : 

If no current is flowing through the barrier-layer cell, the voltage 
across the cell is proportional to the logarithm of the light inten- 
sity. As direct-reading electrostatic meters of sufficient sensitivity 
are expensive, a compensating circuit such as that shown in Fig. 38 — 
can be recommended. The potentiometer is adjusted so that no 
current flows through the zero-indicator. If a galvanometer is used 
as a zero instrument, the voltage can be read from the galvano- 
meter scale by short-circuiting the photocell. Reading of the poten- 
tiometer can be used as well. In this case, it is advantageous to ad- 
just photocurrent produced by the reference beam to zero by another 
potentiometer R, while the slide wire potentiometer R, is fully 
open (Fig. 39). The light is then allowed to pass through the absorb- 
et) ing part of the section and R, is adjusted to set the zero. a is then in 
i linear proportion to the extinction, and, when Beer’s law is valid, to. 
the concentration of the absorbing substance. 

Fig. 40 shows a balanced circuit designed by Wilcox (1934). The 
use of two cells makes it possible to avoid fluctuations caused by 
intensity changes in the light source. Photocell 1 is used for measur- 
| ¥ ing the intensity of light after the beam has passed the blank or the 
sample; photocell 2 is used for compensation. The blank is first intro- 
duced between the light source and cell 1. The slide-wire resistor 
R, is fully opened and resistor R, is adjusted until no current is 
flowing through the zero instrument. The blank is replaced == 
sample and the balance is re-established with R,. Per cent transmit 
tance is then directly indicated. on oe slide wire. . Fluctuating 


In a frequently Se SER circuit with two” ae ‘si 
connected opposite to each other (Fig. 41) errors due to light fh 
tions are compensated only when equal intensities of ligh 
ing on hori pelts: Use necessitates thes use fot oh 
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Fig. 38. Fig. 39. 


Fig. 40. Fig. 41. 


Fig. 38. A simple circuit using a barrier-layer cell. The galvanometer is adjusted 
with the resistance to read zero at the position 1 of the switch. Then no current 
flows through the cell and the voltage, which can be read from the galvanometer 
the switch in position 2, is directly proportional to the logarithm of the light 
intensity. 
Fig. 39. With this circuit the extinction can be directly obtained. The photo- 
current caused by the reference beam is first compensated by moving the 
potentiometer R, until the galvanometer reads zero. The sample is introduced 
and the extinction is then directly proportional to the adjustment a of the slide 
wire Ry causing a zero reading in the galvanometer. 


Fig. 40. A circuit compensating for fluctuations in the intensity of light. 1 is the 

measuring cell, 2 is the balancing cell, Light through the blank is first allowed 

to fall on cell 1, and the current is balanced with potentiometer R, when the 

slide wire Ry reads 100. The sample beam is then measured in the cell 1 by 

balancing with Ry. The per cent transmission is then directly indicated on the 
slide wire. 


Fig. 41. Two photocells simply connected against each other. Compensation is 
provided for intensity fluctuations when the light intensities falling on both 
cells are equal. 


law. Setting of the compensation must be provided with a scale from 
which the light intensity can be read. 
Sensitivity of average-sized barrier-layer cells is fairly low and 
electronic amplification of the currents produced by the barrier-layer 
cell is difficult. If the sensitivity is inadequate, it is advisable to use 
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a vacuum phototube with an amplifier, or a photomultiplier tube. 
The usefulness of barrier-layer cells in microscopic photometry is 
normally limited to measurements in relatively large areas of tissue 
sections or to cases where high intensities of light can be used. 

b) Vacuum phototubes. Vacuum phototubes have two electrodes 
enclosed in an evacuated glass or quartz tube. Light falling on the 
light-sensitive cathode induces emission of electrons from it. If 
voltage is applied between the cathode and the anode, movement of 
a electrones from the negatively charged cathode to the anode fol- 
lows. At constant voltage this photocurrent is dependent on the il- 
lumination of the cathode. The interdependence of the photocurrent, — 
the applied voltage, and the intensity of light are exemplified in 
Fig. 42. It can be seen that with constant intensity of light the photo- 
current first increases sharply with increasing voltage. When a cer- 
tain current is reached, further increase in anode voltage has practi- 
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Fig. 42, Anode current as a function of anode voltage at different illumi: 
in a Mullard vacuum phototube. At an illumination of 0.31 lumen the sat 
current (ca. 7 4A) is reached with an anode voltage of ca. 50 V. A load 
of 5 MQ would then cause a voltage drop of ca. 7X 5=35 V. The 
voltage higher than 50+ 35 = 85 V is necessary for saturated wo: 
voltage drop caused by different load resistances at different curren 

dicated by straight lines. -* 


cally no influence on the current. The magnitude of this sa 
current is dependent on the intensity of light. A linear 
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deterioration of the photosensitive surface follows. As the maximum 
anode voltage is usually about 100 V, safety is attained with an ex- 
ternal load resistance of 10 to 0.5 MQ, depending on the maximum 
current. Too high load resistances limit the photocurrent below the 
saturation value, in which case the response to light will not be 
linear. The voltage drop caused by the load resistance is indicated 
by straight lines in Fig. 42. It can be seen that a saturation current 
of 7 wA can safely be reached with a load resistance of 5 M2 while 
photocurrents of more than 15 wA cause a drop in the anode voltage 
below the value necessary for saturated working. 


100 
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Fig. 43, Relative spectral sensitivities of a barrier-layer cell, BL; of a caesium- 
antimony photocathode, Cs-Sb; and of a photocathode of caesium on oxidized 
silver, Ag-O-Cs. 


Even if no light is falling on the cathode, a certain current flows 
through the tube when a voltage is applied between the electrodes. 
This «dark current» increases with increasing voltage. It is there- 
fore desirable to use the minimum voltage capable of maintaining 
the saturation current. r 

The spectral response of vacuum phototubes is dependent on the 
cathode surface. Fig. 43 shows the spectral sensitivities of a caesium- 
silver cathode and of a caesium-antimony cathode, as well as that 
of a barrier-layer cell. It will be noted that the sensitivity of the 
caesium-silver cathode is fairly high in infrared. This necessitates 
effective filtration of infrared light when measurements are done at 

other regions of the spectrum. 


Eranké 9 


130 Measurement ‘of the Intensity of Light 


The average sensitivity of vacuum phototubes is lower than that 
of barrier-layer cells. It can nevertheless be conveniently increased 
by electronic amplification. 

Fig. 44 shows the fundamental circuit of a single-tube DC ampli- 
fier. The photocurrent flows through a resistance R,. The resulting 


PG 


Fig. 44. Basic circuit of a DC photocurrent amplifier. The phototube, PC, causes 
when illuminated a photocurrent through the load resistor Rg, and the grid 
potential of the triode is altered. This change causes a change in the plate 
current which is measured with the galvanometer, G. The “dark current” is 
compensated with Re when no light is falling on the phototube. 


Fig. 45. An amplifier circuit designed by Roberts (1940). The phototube functions 
as a grid leak and the light intensity influences the frequency of. clicks heard 
in a loudspeaker. 


voltage drop influences the grid voltage. This consequently increases 
the plate current which is indicated by a galvanometer. A simple 
and sensitive circuit is shown in Fig. 45. 

c) Photomultiplier tubes. Fig. 46 illustrates the structure of a 
typical photomultiplier tube. Light falling on the cathode causes a 
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release of photoelectrons in the same way as in an ordinary vacuum 
phototube. By means of an electrostatic field these electrons are 
directed towards a secondary electrode, so-called dynode. Each 
electron, the speed of which varies a¢cording to the voltage between 
the cathode and the dynode, releases several secondary electrons 
from the dynode surface. The original photocurrent is thus magni- 
fied by the number of secondary electrons per one photoelectron. 


Fig. 46. Schematic drawing illustrating the structure of a photomultiplier tube. 
Light is indicated by the long arrow; c, photosensitive cathode; 1-9, the dynodes; 
a, the anode. 


The secondary electrons are further directed to a second dynode, 
where the process is repeated. The final multiplication factor is S", 
where S is the number of secondary electrons released by each 
electron and n the number of dynodes. From the last dynode the 
electrons are collected to anode. 

In RCA photomultiplier tube 931-A, which is much used in photo- 
metry, the number of dynodes is 9. By varying the voltage over each 
dynode stage from 25 to 100 V the current can be amplified from 
100 to 1,000,000 times. The photocurrent is measured between the 
last dynode and the anode. The saturation current is reached at about 
50 V between the last dynode and anode. The average anode current 
must be kept below ca. 1 mA. This saturation current is given by a 
light flux of ca. 0.000,1 lumen at 100 V between each dynode'stage. 
This illustrates the extreme sensitivity of this tube. 

Characteristics of individual photomultiplier tubes vary within 


large limits. This also concerns the dark current, which may prove 


troublesomely high. The voltage between the last dynode and the 
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anode should not be increased over the value necessary for the opera- 
tion at a point just giving anode-current saturation. Therefore, the 
circuit must be planned so that this voltage can be regulated. At 
low intensities of light the saturation current is reached at lower 
voltages than at high intensities. If a fixed dynode-anode voltage is 
used the maximum operation stability is not achieved at low light 
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2 =10Ka, 2 =10 Kn, B= 0.1Ma, 
R,=45 Ka, R,= 5Ma, R=1Ka, 

: R,=01Mn, R= 1Ka, 

CATHODE U,=12V, U,=120V. 


Fig. 47. A photomultiplier circuit used by the writer. The voltage between the 

last dynode and the anode can be adjusted with potentiometer Ps. The galvano- 

meter sensitivity can be regulated with resistor Rg and the potentiometer Pj. 

Resistors Py and Rs serve for compensating the dark current. The resistor Ra 
limits the tube current below the dangerous limit. 


intensities because of an unduly high dynode-anode voltage, which 
increases the dark current but does not improve the sensitivity. 

Fig. 47 shows a photomultiplier circuit used by the writer in 
which a ready war-surplus photomultiplier unit has been used. The 
voltage for the dynode stages was fed from mains through an elec- 
tronic stabilizer but it can equally well be supplied by a series of 
dry batteries. In practice, the current is kept so low that the dry 
batteries will keep as long as without any load. 


CHAPTER XI 


Statistical Analysis of Results 


General Principles. 


The procedure of interpreting quantitative data must be so de- 
signed that the uncertainty introduced by sampling is taken into 
account. For example, if two means, say from a control group and 
an experimental group, have been observed, the investigator is in- 
terested in the difference between the means. If any numerical 
difference is observed, it evidently may be 

a) either due to mere chance variations, which means that there 
is no real difference, 

b) or due to a real difference between the groups. 

The investigator never knows with certainty which of these alter- 
natives is true. Yet the data may enable him to draw the conclusion 
that one of the alternatives seems more plausible than the other. 
To this end, testing a statistical hypothesis is done. 

There are certain rules to be followed in the test procedure. The 
first step is to define the hypothesis to be tested. Usually the alter- 
native a) is taken as the hypothesis to be tested, also known as null 
hypothesis. The alternative hypothesis, obviously, is given in b) above. 

In the testing procedure, the null hypothesis is tentatively ac- 
cepted as true. Then, a test variable is calculated from the data, the 
variable being so constructed that its statistical behaviour is known 
in advance (i.e. that its distribution is known). As this is done, it can 
readily be seen whether the value of the test variable observed cor- 
responds to its pre-calculated distribution. If the observed value is 
so large that, in view of the distribution of the variable, the oc- 
currence of such a value is unlikely (this meaning some small prob- 
ability, conventionally 0.05, 0.01 or 0.001), the plausible conclusion 
is drawn that the observed value is not from the pre-calculated dis- 
tribution. But the distribution used in testing is always calculated 
presuming the correctness of the null hypothesis, whence the above 
‘leads to rejection of the null hypothesis. Correspondingly, a rela- 
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tively small value of the test variable is to be taken to be in favour 
of the null hypothesis. 

In the example above, one could calculate the difference between 
the means and use it as the test variable. If the difference is large, 
the null hypothesis will be rejected, i.e. the difference is taken as a 
statistical evidence of the correctness of the alternative hypothesis. 
The crucial point is how to determine when the observed difference 
is “too large”. This can be done after an investigation of the varia- 
bility of the observations, and the result—known as the t-test—will 
be shortly presented. 

Now following the practical rule of behaviour outlined above the 
investigator may result in error. He may 

a) “find” a difference where no difference exists, i.e. reject the 
null hypothesis even if it is correct (error of the first type), 

b) not detect a real difference, i.e. accept the null hypothesis even 
if it is incorrect (error of the second type). 

These errors are always present in scientific work, so that the 
investigator must take the risk of them. Now the very superiority of 
applying statistical methods lies in that the magnitude of these risks 
can be controlled. In fact, the investigator himself may choose the 
risk he is willing to run. Usually he chooses the risk of an error of 
the first type, this chosen risk being known als the level of signific- 
ance, commonly denoted by P, and conventionally taken 0.05, 0.01 
or 0.001. All the statistical test procedures in current use, on the 
other hand, have been so designed as to give minimum risk of an 
error of the second type with given P, so that the risks in drawing 
conclusions really are under control. i 

If the difference between two means is observed to be so large 
that in at most 5 cases out of 100 such a difference would have re- 
sulted by chance only (this statement being based on the distribution 
of the difference on the null hypothesis), the investigator has good 
reason to reject the null hypothesis as incorrect. In this case it is 
said that the difference is significant at P = 0.05 level, and the 
odds are at most 5 in 100 that the conclusion of the investigator is 
erroneous. 

The test variable can be calculated in many ways. Some of the 
possible variables are more efficient than the others, being thus 
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chosen in common use. The most common of the test variables will 
be presented below, together with an illustrative example. The 
reader is advised to follow the calculations with actual re-calculation, 
for otherwise he may drop some important details. 


Comparison of Two Averages. The t-test. 


We define a test variable ¢ as follows: any random variable which 
is distributed normally with mean O and standard deviation o, di- 
vided by an estimate s of o, the estimate being calculated from the 
same data as the random variable with f degrees of freedom, is dis- 
tributed according to the i-distribution (also known as “Student’s” 
distribution). This distribution has been tabulated for various de- 
grees of freedom (Hald, 1952; Fisher and Yates, 1953) and the tables 
will be used in actual testing. 

In comparing two averages x, and x, we start from the fact that 
the averages tend to be normally distributed. But so also does their 
difference x, —<x., which, by the null hypothesis, is expected to equal 
to zero. Hence, this difference can be taken in the numerator de- 
scribed above. In the denominator, the estimated standard deviation 
of this difference will be taken. 

Generally it is advisable to use a variance estimate obtained by 
pooling the variances of the two groups, thus: 


(52) $2 —= Q: ae Qs 


n, tng— 2’ 


where the Q’s are given by formula (3), page 19. The denominator 
then is calculated as the square root of 


. EV ius a ee: ny + Ng 
(53) Ss (X41 Xo) 75) ny Ne 
whence 
(54) p= 

s(X1— Xp) 


What remains is to enter the t-tables with the value calculated and 


with f=n, +n.—2 degrees of freedom. On the row determined by 


f find a value next to that observed but smaller (or equal). Having 
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found this, the P-value is found at the head (or, in some tables, at 
the bottom) of the column. 

The pooling method above is not justified if the random errors 
in the two averages are not considered to be from the same source. 
In such cases it is preferable to calculate the variances of the aver- 
ages separately by the formula (5), page 20. The sum of these esti- 
mates is then the adequate estimate of the variance of the difference 
between the averages. However, additional complications arise in 
case of unequal variances (see Fisher, 1950). 

As an example, let us analyse an experiment. A group of 6 ani- 
mals has been injected with ACTH, and a similar control group with 
the same volume of isotonic saline. It is wanted to know whether 
ACTH influences the volume of the adrenal medulla. The medullary 
volumes in each animal are given below together with calculations. 


| Controls | 2 | ACTH 2 
0 


Animal No. re Xo hes xy 
l 1.9 3.61 1.0 1.00 
2 2.0 4.00 11 1.21 
3 2.2 4.84 1.9 3.61 
4 2.1 4.41 1.4 1.96 
5 2.0 4.00 1.8 3.24 
6 2.4 5.16 is 2.25 
Sx 12.6 8.7 
peeks. 2.10 1.45 
mT 
Dx 26.62 13.27 
2 
Ss ie) 26.46 12.62 
Q=Sx2-—S 0.16 0.65 


These calculations are standard necessities in many applications. Now 
we want to know whether the difference of the means x) — x, =~ 
2.10 — 1.45 = 0.65 is an indication of the effect of ACTH treatment 
or due to chance only. 
The sums of squares are first pooled, Qo + Q, = 0.16 + 0.65 = 
0.81. The number of degrees of freedom is ny + ny — 2 = 6+4+6—2 => 
Q+Q, —_ 0.81 


10. Pooled variance estimate is then Apis ee = 0.0810. 
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igen mele ae Li, : 
at sag gives the variance of the 


difference of the means s”(xy — x;) = 0.0270, the square root of which 
is the standard deviation of the difference of the means s(x) — x,) = 


0.16. Now 


This multiplied by 


itm Hp Gee s09, 2 
"(X99 — X,) ~—0«.16 

From the table of t-distribution it is seen that with 10 degrees 
of freedom a value of ¢ = 3.17 corresponds to a probability 1 out 
of 100 that the difference of means is due to mere chance (P = 
0.01). As t is in the present experiment larger than 3.17, the 
probability of the observed difference being due to chance is less 
than 1/100 (P <0.01). The t-test thus favours the hypothesis that 
ACTH causes a decrease in the volume of the adrenal medulla. 

In some applications it is wished only to test whether an observed 
mean differs from zero. This test is performed completely in analogy 
with the above, simply by 


(55) 


4.1. 


re xn 

s(x)’ 

where s(x) is given by formula (4), page 20. There are n — 1 degrees 
of freedom. 


The use of the é-test is by no means limited to two averages. As 
it is seen from the general definition given at the beginning of this 
section, any random variable with normal distribution can be con- 
cerned. For applications, see standard texts, e.g. Fisher (1950). How- 
ever, because of frequent misuses, the correct test for the correlation 
coefficient is given. In correlation problems, the t-variable should be 
calculated as the square root of 


ae (n — 2)r? 
1—r ’ 


(56) 

there being f = n — 2 degrees of freedom. Any attempt to calculate 
the standard deviation of the correlation coefficient should be 
avoided, for these calculations have sense only if 


a) the number of observations, n, is very large. 
b) the true value of the correlation coefficient is very small or 


. equal to zero; 
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these conditions rarely holding. The formula (56) is always correct, 
the test being whether the observed coefficient differs significantly 
from zero. 

The sampling distribution of the correlation coefficient is far 
from normal, hence the above warning. Only if the true correlation 
equals to zero, the sampling distribution of r tends to normal for 
large number of observations in the sample. 


More than Two Averages. Analysis of Variance. 


Often it is desired to analyse simultaneously more than two 
groups in order to verify whether any difference between the group 
averages exists. In such cases analysis of variance will usually be a 
suitable method of analysis. The main principle in analysis of vari- 
ance is that the total variability in the observation material—mea- 
sured by the sum of squares—is broken down according to the 
different sources of variability. Having obtained the observations 
the investigator readily can calculate the total sum of squares. Evi- 
dently, the magnitude of this quantity depends on both the varia- 
bility between groups and the variability within groups. A close 
investigation of the effect of the different sources of variability may 
result in conclusions concerning the significance of the observed 
differences. Only the general case will be presented here, and the 
reader is referred to special texts for all details, e.g. Snedecor 2°) 
and Fisher (1950). 

The first step is to calculate the total sum of squares over the 


entire material (i.e. with no regard to the fact that some of the 


groups may be control, the others experimental groups), by the 
general formula (3), page 19. Then, this quantity is broken down i into 
two parts, viz. 
a) Qz = sum of squares due to the differences between groups, 
b) Q) = residual sum of squares, the magnitude ps which de- 
pends on the variability within groups. | RS 


_ If the material consists of n= ))ni observations, ee are ial be 
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variation. Any splitting of sums of squares is corresponded by a 
splitting of the number of degrees of freedom. 

Now any sum of squares divided by the number of degrees of 
freedom gives a variance estimate, wherefore variances can be cal- 
culated for both “between”- and “within”-variation on the basis of 
the respective sums of squares and degrees of freedom. If the null 
hypothesis (that there is no essential difference between groups) 
holds, then, as shown in mathematical statistics, these estimates will, 
in the average, be equal. So the proportions of their magnitudes can 
be used as a basis for deciding whether any difference between 
groups exists. 

In practice, the most straightforward way of calculations is as 
follows: First, the over-all sum of squares Q is calculated. By the 
way, the general subtraction term is obtained (this being the square 
of the over-all total divided by n). Then, group subtraction terms 
are calculated (group total squared and divided by the number of 
observations n; in the group). Now, the sum of the group subtraction 
terms less the general subtraction term equals to the sum of squares 
“between” groups, thus: 


(57) Op=Y ae ee 


The residual sum of squares is obtained by subtraction: 
(58) : Oc 10 = Of. 


It is customary to arrange the data in a table as follows: 


Sum 
of squares 


Source 
of variation 


Degrees 


Variance 
of freedom 


Between groups .. 


Within groups ... 


The degrees of freedom for each row were given above. The 


_ variance column is obtained by dividing the Q’s by the /’s. Finally, 


the comparison between the effects of the two sources of variation 
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is performed by calculating the quantity 


2 
(59) v= “8 , 
So 

known as variance ratio, also denoted by F in honour to Fisher. If 
there are no essential differences between the groups, v’ will remain 
small, somewhere in the neighbourhood of 1, but the more there are 
differences, the larger will v” be. In fact, v* is another test variable 
whose distribution is known and tabulated, wherefore the signifi- 
cance of any observed v’ can be determined by means of tables, e.g. 
Hald (1952); Fisher and Yates (1953), essentially in a similar way as 
was explained in connection with the t-test. The only difference is 
that now we have to enter the table with two numbers of degrees of 
freedom, viz. fg and f, (denoted by f, and f. or n, and n, in the 
tables). If s? is larger than sj, the calculation of v? should be made 
by interchanging the two quantities so that v” always is at least equal 
to unity. In this case, fg and f, must be interchanged also. 

Consider now an experiment in which three independent groups 
were subjected to different treatments. Group 0 was injected with 
saline, group 1 with ACTH and group 2 with nicotine. The difference 
between groups 0 and 1 was above tested with the t-test. Now analysis 
of variance is applied to study the effect of the treatments on the 
volume of the adrenal medulla in the three groups. First, the same 
calculations are performed as in the above example. 


Sx 2.60 ¢ 8.7 23.5 44.8 (= EP x) 
x 2.10 1.45 3.92 
Sx 26.62 13.27 92.73 132.62 (= SS x”) 
2 
Ss 26.46 12.62 92.04 111.50 (= Gee 
PL: 


Q 0.16 0.65 0.69 | 21.12 
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If all the three means are to be compared, analysis of variance 
will be applied. First calculate an overall or total sum of squares as 
if all the groups were combined into one, larger group. This calcula- 
tion is shown in the table above, Q = 21.12. This sum of squares is 
broken down into two parts according to the source of variation, as 
told on page 139: 


Qz = 26.46 + 12.62 + 92.04 — 111.50 = 19.62, 
Q, = 21.12 — 19.62 = 1.50 (check: this must equal to the sum 
of the group Q’s, 0.16 + 0.65 + 0.69 = 1.50). 


There are (n)-++n,-+n,) —1 = 17 degrees of freedom altogether, 
of which 2 (as there are 3 groups) are due to differences between 
groups. Enter the figures in the analysis table. Complete the cal- 
culations. 


Source of variation 


Between groups 
Within groups 


The table of v*-distribution shows that the chances are by far 
less than 1 in 1000 that this v* would have been so large at random 
only, P< 0.001. Thus, real differences exist. 

However, in this test the question remains unanswered what are 
the differences between groups that matter. For complete analysis, 
see standard texts (Snedecor, 1946; Fisher, 1950). Here the example 
is continued by splitting Q, for each single degree of freedom. This 
can be done in several ways, one of which is a) control contra treat- 
ments, b) ACTH contra nicotine. 

First, pool the groups 1 and 2 as if they were one single group, 


and calculate the subtraction term for this pooled group. Denoting the 
: ; (8.7 + 23.5)? 
subtraction term by S, we obtain S,. = aR ep nD 86.40 (the 
subscript 12 meaning the pooled group). Now the part-sum of squares 
due to the difference control conira treatments is obtained by 


~ S) +S,.—S (control subtr. term plus pooled subtr. term less gen- 


ments. 
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eral subtr. term) = 26.46 + 86.40 — 111.50 = 1.36. This reduced 
from the total between-sum of squares (Q3 — 19.62) gives the part- 
sum of squares due to the difference between groups 1 and 2. So an 
analysis table can be constructed. 


Source of variation 


Control contra treatments .... 
Between ACTH and nicotine . 


Total between groups | 9.81 | 98.1 


The total row is taken from the analysis table above. The vs 
have all been calculated by dividing each variance by the within- 
groups variance (known also as residual variance). From the above 
it is seen that both comparisons show significant effects of treat- 
\ 


‘In correlation and regression problems, analysis of variance can 


be applied to show the explaining capacity of the regression equation 
used. The calculation is quite simple, for 


(60) » | 05= On, 


where we write Qz rather than Qz, for the regression part of the sum 
of squares. For this part, there is one degree of freedom, n —2 
remaining for the residual sum of squares. The reader may by some 
calculation verify that v* in this case reduces to the square of phe. 
t-variable already given in formula (56), page 137. 

Let us examine the appropriate method with the aid of an ex- - 
ample. There are many independent organs such as the adrenal 
medulla which cannot be weighed as they are enclosed in another 
organ. Therefore, an estimate of weight must be obtained by some 
other means, e.g. by area measurements in serial sections. To study 
the adequacy of that kind of estimate, adrenal glands were weighed 
and cut in a complete series of sections. The area of each section 
Mig eae acme and the volume of cane s d 
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often calculations are needed. If so, it can be assumed that weight y 
: is a linear function of volume x so that a weight estimate (regression 
: estimate) Y can be calculated by means of the regression equation 


(61) Y=a+bdx, 


where the constants a and b are to be estimated from the data. The 
estimation formulas are simple: 


F (62) ei © a= y— bx, 
fn ! ena ar rs(y) 

b pee eth A A 
* io av ask ee Oz s(x). ’ 


a where the symbols are given earlier [see formulas (1), p. 18; (3), 
_-p. 195 (5), p. 20; (14), p. 25; (16), p. 25]. 
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Fig 4. Seater diagram showing relations between adrenal volume (x) and 
weight (y). 
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gression evidently is poor if of any practical value, whence a study 
of variation is necessary. It is performed in analogy with analysis of 
variance, applying the formula (60) in calculating the regression sum 
of squares. If the variance estimate based on this sum of squares is 
large as compared with the residual variance, then the regression 
explains much of the variability in y. 

The only addition to computations already learned as standard 
is to calculate the products xy for each animal. The arrangement of 
computations is shown at the bottom of the table. 


Animal No. Meier gies Regression estimates 
& Ay 

Ve 17 20 23.6 
2 19 26 26.9 
3 16 23 22.0 
4 22 34 BHA 
5 21 29 30.1 
6 19 28 26.9 
7 16 19 22.0 
8 18 26 25.3 
9 14 2L 18.8 
10 17 23 23.6 

18.8 

33.4 


Sum 

Mean 

Sum of squared observations 
Subtraction term 

Sum of squares 

Variance 

Standard deviation 


Sum of products > xy 
ax Dy 
n 


Subtraction term 


Product-sum Txy = Say — Bsky 


152 
b=- 5, = 1.62, 


a = 25.3 — 1.62- 18.0 = — 3.9. 
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Regression equation: 


Y = 1.62x — 3.9. Regression estimates calculated from this 
equation are seen in the table. 


Correlation coefficient: 


T= 2 = 0.92, 
/ 94-289 


r? = 0.8505. 
Regression sum of squares: 

Qr =r? Qy = 0.8505 - 289 = 246. 
Residual sum of squares: 


Qo = Qy — Or = 289 — 246 = 43. 
Analysis of variance: 


Source of variation 


Regression 246 57.2 0.001 
Residual 4.3 < - 


The analysis of variance shows that the regression is highly 
significant, P being smaller than 0.001. This shows that there is a 
true dependence between the measured volume and the weight of 
the glands. However, this fact does not imply that the measured 
volume is a good indicator of weight. The value of the volume as 
an estimate of weight can nevertheless be assessed with the aid of 
the above data. 

One way of doing this is to compare the original standard devia- 
289 
cir 
tion left after the regression equation has been fitted = V4.3 = 2.1. 
The latter is about 40 % of the former, i.e. 60 % of the original 
variation is explained by the regression equation, which is not too 


tion of weight s(y) = = 5.1 with the residual standard devia- 


bad. 
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Another way, frequently useful in practice, is to caleulate the 
confidence limits of the weight estimate obtained from the volume. 


With 10 degrees of freedom, a value of t = 2.23 corresponds to the 


level P = 0.05. By multiplying the residual standard deviation with 
this value the confidence limits + 2.23 . 2.1 = + 4.7 mg. are ob- 
tained. This means that in 95 % of cases a weight estimate calculated 
from the regression equation is within these limits. For example, a 


measured volume of 21 cu.mm. indicates that in 95 % the true 


weight is between 25.5 and 34.9 mg. 


Comparison of Distributions. 7’-test. 

In both t- and v’-tests above the assumption of normal distribution 
is inherent. The tests, however, are valid even if there is some non- 
normality in the distributions concerned. Yet the normal assumption 


should not be extended without care into very skew or otherwise. 
unusual distributions, and the above tests should not be used under 
such conditions. An important test known as y°-test has the advan- 


tage that it is independent of the form of the distribution of the | ; 


statistical variable concerned. In this test, two or more observed — 


distributions, in terms of absolute frequencies are compared. A 
general formula for calculating the test variable involves a series of 


“expected” frequencies to be compared with those actually observed, 


the expectation being based on either the observations or an assump- 


tion of the form of the distribution. In an example below a common 


method of calculating the expected frequencies on the basis of ob- 
servations is shown. The general formula for comparing an empirical 
distribution with the “expected” frequencies is 


‘ vat 2 ; 4 
We i Bi 


Sometimes it is necessary to reduce the number of frequency group 
for the freaueney ome in no case be ig or less. bei mt 


ree ety frequencies, bite larger # ‘ when 


where O stands for the observed, E for the expected frequen ney. 
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observed value of 7° is likely to lead to rejection of the null hypo- 
thesis (according to which the observed and expected frequencies are 
statistically the same). 

The number of degrees of freedom in 7’-test depends not only on 
the number of frequency groups but also on the method of deter- 
mining the expected frequencies. If these are determined on the 
basis of the observations only, say from the marginal totals, the 
number of degrees of freedom is k — 1 as given above. However, if 
additional parameters have been assumed or calculated, this figure 
must be correspondingly reduced (Fisher, 1950). 


Number of islets 
300 


200 


OMe 34 as. 
Number of gulfs or more 


Fig. 49. Frequency distributions of gulf numbers in silver islets (solid line) and 
in acid-phosphatase-negative islets (broken line). 


An example will make clear the practical calculations necessary. 
In the adrenal medulla of the rat, islets of irregular form can be 
demonstrated with a silver technique and with a histochemical phos- 
phatase method. The doubt arose that the two techniques do not 
always demonstrate identical things, and the number of “gulfs” in 
each islet was counted in a gland serially cut, whose every other 
section had been treated with silver, every other to show acid phos- 


phatase. The results obtained are seen in Fig. 49 and in the following 


table. 
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y°-example: 


Num- 
ber of 
gulfs: 


Number of islets Total 


Ag |Acid| Total 


Expected fr’ies} Differences 
1a [at 


x Of 10;40,) UP TPE. as 0-8] (0,- Ei ea) 
E, E, 
0 |277] 73} 350 | 28.5 | 195.2 | 154.8/+81.8/- 81.8] 34.3 43.2 
1 |140] 96] 236 | 19.2 | 131.6] 104.4/+ 84|/- 8.4] 0.5 0.7 
2 | 921125] 217 | 17.7 | 121.1] 95.9|-29.1]+29.1] 7.0 8.8 
3 | 62] 92] 154 | 12.6] 85.9] 68.1 |-23.9/+23.9| 6.6 8.4 
4 | 37| 44| 81] 66] 45.2| 35.8|- 821+ 82) 2S 1.9 
5 | 24/93) 47 | 3.8} 26.2) 20.8 |=" 2:95 2.2) aoe 0.2 
6 | 15] 16) 317] °12.5.4/17.8 |) 13-T l= 2S aes 0.4 
Tormore} 38| 74| 112 | 9.1 | 62.5] 49.5 |—24.5|/+24.5| 9.6 12.2 
Total | 685 |543|1228 | 100.0 | 685.0 | 543.0 } | : | 60.0 | 75.8 
72 = 135.8 


If the islets are identical in both cases, the distributions of the 
number of gulfs should not differ significantly. This is the null 
hypothesis. 

In the table the observed frequencies are shown in the columns 
O, and O,. Adding these, row by row, the “total” column is obtained. 
This total distribution represents the best estimate of the “true” 
distribution if the null hypothesis is true, whence the test is based 
on this column, both observed distributions being compared with 
this. The next practical step is to calculate the per cent frequencies 
from the total column, say P. Now if the two distributions are sta- 
tistically identical, their “expected” frequencies can be calculated by 
giving the bottom totals (685 and 543) a distribution of the P column. 
First multiply by 685 the P’s, thus obtaining the E, column, and simi- 
larly for E,. Then the differences of corresponding O and E are ob- 
tained by subtraction. Finally, each difference is squared and divided 
by the corresponding expected frequency, whence a series of con- 
tributions to chi-square is obtained. The sum of these is x” required. 
In this case the number of degrees of freedom is 7. 

An extremely large value y” = 135.8 is obtained. From a table of 
7°-distribution (Hald, 1952; Fisher and Yates, 1953) the probability 
that this were a result of chance only is seen to be by far less than 
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0.001, so that the two distributions can safely be regarded as dif- 
ferent. A study of the contributions to chi-square reveals that the 
most important differences occur in islets with no, 2-3 and 7 or 
more gulfs. 

If there are two frequency groups only and two such distributions 
are to be compared, the situation is known as four-fold table analysis. 
In this case the calculation of y’ is somewhat simpler, for if the four- 
fold table is put in the form 


atc | b+d |a+b+c+d 


then the formula is 


(65) gis (ad — bc)? (a +b+c+d) 
é (a+b) (c+d)(a+c)(b+d) 


with 1 degree of freedom. 

Often the four-fold table is of use, particularly when dealing with 
data of “on-off” type. In an analysis concerning sampling methods 
in tissue sections, two neighbouring and thus very similar thin sec- 
tions were taken. On both, points were thrown and the number of 
hits counted. However, the method for locating the points (i.e. point- 
sampling methods) were different, whence the question may arise 
whether the two methods give an essentially similar result. The data 
are given here: 


| Section A | Section B | Total 


The quantity 7° is quickly calculated by 


56 x (17 x 18 — 10 x 11)? 
27 x 29 x 28 x 28 


== 3.50. 
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The number of degrees of freedom is always 1 for four-fold 
tables. From the. table proper it is observed that the odds are be- 
tween 5 and 10 in 100 that so a large y’-value could have been ob- 
served by chance only (without real difference between the sections), 
0.05 < P <0.10. Therefore, the two point sampling methods cannot, 
without considerable risk of error, be considered as dissimilar. 

Yates’ correction. In case of small frequencies it is advisable 
to make a correction in the formula above according to Yates 
(see Fisher, 1950). In the numerator of chi-square the determi- 
nant ad — be appears. If ad > bc, reduce both a and d by % and 
add % to both b and c, if ad < be, reverse the action. In this ex- 
ample, ad < bc, whence the determinant should be calculated as 
16% X 17% — 10% X 11%. IE this is done, y° = 2.58 is obtained, a 
value essentially lower than that above. The probability of exceeding 
this by chance only is P > 0.1, whence there is no reason to believe 
that the two sampling methods lead to different results. Note that 
the uncorrected chi-square gave a slightly “over-significant” result. 
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Abbe’s camera lucida, 55 

— sine condition, 96 

Absorbing materials, 
uneven distribution of, 94 

Absorption, measurement 
of, 8, 87 

— — equipment for, 101 

— of electrons, 46 

— of light, 87 

— — by living cells, 91 

~ — by microscopic 

specimens, 87 

— — infrared, 46 

— — ultraviolet, 46 

— of X-rays, 42, 46 

— photometry, 87 

— simple assessment of, 111 

— wedge, 117 


_ Anaesthesia, 30 


Analysis, of variance, 
23, 138 
— statistical, 133 
Animal experiments, 26 
Animals, killing of, 29 
— optimal number of, 27 
— selection of, 26 
Anomalous dispersion, 93 
Anoptral-contrast 
microscopy, 48 
Aperture, numeric, 92, 96 
— variable, 119 
Area, estimation of, 57 
— — by area sampling, 61 
—— by line sampling, 65 
— — by planimetric 
measurements, 57 
— -— by point sampling, 67 
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network, 63 
— sampling, see Sampling 
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Average(s), 18 
— comparison of, 135, 138 


Balances, 38 

Barrier-layer cells, 125 

Beer’s law, 88, 114 

— deviations from, due to 
anomalous dispersion, 93 

— — duetononhomogeneity, 

94 

— — due to orientation, 93 

— — due to scatter, 91 

— — in clear solutions, 89 

Binomial distribution, 15 

— variance in, 20 

Birefringence, 93 

Blood, distribution of, 31 

Bunsen and Roscoe’s law, 
120 


Camera lucida, 54 

Centrifugation, differential, 
37 

Characteristic, statistical, 15 

Coefficient, correlation, 
22, 25 

— of variation, 21 

Compression of cells, 97 

Confidence, belt, 22 

— limits, 146 

Contrast effect, 111 

Correlation coefficient, 22 

— testing of significance of, 
142 

Coujard slides, 113 

Counting, 74 

— automatic, 82 

— chamber, 75 

— in homogenates, 75 

— in sections, 76 


Counting simultaneously 
with sizing, 80 

Covariance, 24 

Criteria, empirical, 83 

Criterion, line, 84 

— area, 84 

Crushing of cells, 97 

Cumulative frequency, 12 


Degrees of freedom, 20 

Density, 88, 120 

— differences, method of 
98 

— of photographic 
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emulsions, 120 
Deviation, standard, see 
Standard deviation 

Differential centrifugation, 
Sh 

Dispersion, 14 

Distorsion, 56 

Distribution(s), 11 

— binomial, 15 

— — variance in, 20 

— class invertals in, 13 

— comparison of, 146 

— continuous, 13 

— discrete, 13 

— Gaussian, 14 

— logarithmico-normal, 15 

— normal, 14, 135 

— of characteristics, 16 

— of F, 140 

— of observations, 16 

— of particle size, 79 

— of t, 22, 135 

— of variance ratio, 140 

— of v?, 140 


'— of 72, 146 


— continuous, 13 
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Distribution(s), 

— Poisson, 15, 75 
— — variance in, 20 
— sampling, 16 

— Student’s, 135 
Drawing, 54 

Dry mass, 42, 49 


Electron microscopy, 46 

Error, of method, 23 

— standard, see Standard 
error 

Estimate, of standard 
deviation, 14 

— of variance, 14 

Excentricity, measurement 
of, 85 

Experiments, animal, 26 

Extinction, 88 

— coefficient, 88 


F, 140 

— -test, 140 

Filters, colour, 47, 105, 118 

— for fluorescence 
microscopy, 47 

— interference, 105 

— neutral, 52, 117 

— polaroid, 116 

Finite multiplier, 61, 62, 70 

Fixation of tissues, by 
freeze-drying, 33 

— chemical, 36 

Flicker, 117 

Fluorescence microscopy, 
47 

Fluorometry, 47 

Form, metameters of, 85 

Formalin, 36 

Four-fold table, 149 

Freeze-drying, 31 

— of sections, 33 

— of tissue pieces, 35 
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Frequency, 11 
— cumulative, 12 
— distribution, 11 
— relative, 12 


Gaussian distribution, 14 
y-curve, photographic, 120 
Group, optimum size of, 27 


Haemocytometer, 75 
Histochemical methods, 45 
Histological methods, 43 
Homogenates, counting in, 


Hypothesis, alternative, 133 


Illumination, Kéhler’s, 49, 
Infrared light, microscopy 


Injections, 29 
Intercept lengths, 64 
Interference microscopy, 


Inverse square law, 119 


Killing of animals, 29 
Kohler’s illumination, 49, 


Lambert’s law, 88 

Lamp(s), 47, 52, 103 

carbon arc, 47 

for fluorescence 

microscopy, 47 

hydrogen discharge, 104 

incandescent, 103 

mercury vapour, 47, 104 

microscope, 52 

Light, absorption, see 
Absorption of light 

— diffuse, 92 


— incoherent, 97 


Light, intensity, measure- 
ment of, 110, see also 
Photometry 

— scatter, 91, 124 

— source(s), see Lamp(s) 

Linderstrom-Lang 
technique, 33 

Line, criterion, 84 

-- sampling, 64, see also 
Sampling 

Linear regression, 25 

Logarithmico-normal 
distribution, 15 
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— linear, 56 
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— comparison of, 135, 138 

— geometric, 19 

— weighted, 18 

Metameters, of form, 85 

— of size, 84 

Method, error of, 23 

Micrometer, stage, 56 

Microphotometry in visible 
light, 107 

Microscope(s), in spectro- 
photometry, 106, see also 
Microscopy 

— resolving power of, 52 

Microscopic specimens, 
preparation of, 33 

Microscopy, anoptral- 
contrast, 48 

— electron, 46 

— fluorescence, AT 

— infrared, 46, 106 

— interference, 42, 48 

— phase-contrast, 48 

— reflection, 101, 106 

— ultraviolet, 46, 106 

— X-ray, 42, 46 


4 he Microspectrophotometry, 
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Normal distribution, 14, 
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Photographic emulsions, 
density of, 124 

Photographic pHatomc ties 
120 

Photography, y-curve in, 
120 : 

— through microscope, 53 

Photometry, absorption, 
87, see also Absorption 
of light 

— photoelectric, 125 

— photographic, 120 

visual, 115 

— physiological basis of, 
11 

Photomicrography, 
ordinary, 53 


— quantitative, 120 
— without microscope, 93 
Photomultiplier tubes, 130 
Phototubes, vacuum, 128 
Planimeter, 58 
Planimetric measurements, 
ayy! 
Point sampling, 67 
Poisson distribution, 15 
— variance in, 20 
Polarization microscopy, 9 
Polarized light, 116 
Polaroid filters, 116 
Pooling variances, 135 
Precision, 16 
Price-Jones curve, 12 
Product-sum, 24 
Projection, 54 


Quantitative criteria, 
empirical, 83 


Radioautography, 49 
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Reactions, all-or-none, 45, 
113, 149 

— histochemical, 45 

Reciprocity law, 120 

Refractive increment, 
specific, 48 

Refractive index, 
determination of, 48 

— differences, scatter due to, 

Refractometry of [90 
microscopic particles, 48 

Regression, 25 

— testing of significance 
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Roentgen absorption 
microscopy, 42 

Rotating sectors, 117 


Sample, 16 
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— error, 59 

— line, 64 

— — automatic, 65, 82 

— point, 67 

— variability, 16 

— variance, 59 
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— — practical estimation 
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Scanning, line, 64, see also 
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of, 91 i 
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Section(s), thickness of, 
effect on estimate of 
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— — estimation of, 38 

— weighing of, 38 

Selection, of animals, 26 

— randomized, 17, 26 

— systematic, 17 

Significance, level of, 134 

— of difference, 29, 134 

— — testing of, 135, 138 

Size, metameters of, 84 
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determination of, 74, 78 
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counting, 80, 82 

Spark, a source of ultra- 
violet light, 104 

Specimen thickness, 38 

— and dry mass, 42 

— estimation of, by 
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— — mechanically, 41 

— — optically, 41 

Spectrograph, 101 

Spectrophotometry, 
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Absorption of light 
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histological, 43 
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Transmission of light, 88 
Treatment, experimental, 


29 


v?, 140 
— -test, 140 
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